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CHAPTER 1
Introduction
Nowadays, liquid crystal displays (LCDs) are everywhere. In the o ce, LCDs provide
large and flat screens on your desk to get better working conditions. At home, LCDs
bring the possibility to enjoy a movie or play a video game with a large display and
they are thin enough to hang on the wall. On the instruments in the laboratory, old
pointer indicators are replaced by LCD panels. Moreover, the flatness and compact-
ness of the LCDs and their low energy consumption make portable devices, such as
laptop computers and smartphones, smaller and lighter, so you can have a movable of-
fice or personal entertainment on a train and an airplane. Despite the maturity of the
LCD technology, there are still many points in their performances, such as switching
speed, viewing angle and production cost, that can be improved. The latter requires
both the development of new methods and a better understanding of the performance
mechanisms, which is the motivation for the work described in this thesis.
In the early 70s, the application of LCDs was firstly introduced in segmented
displays such as calculators and watches (see Fig. 1.1a) [1]. T. P. Brody et al. re-
ported that every pixel can be driven independently for an active-matrix display by
attaching a transistor and a capacitor on substrates of LC layers, to actively maintain
the brightness state [2]. This development of active-matrix displays with thin film
transistors (TFT) has brought great advances to produce higher resolution colorful
LCDs (see Fig. 1.1b) because the sub-pixels can be controlled separately (see Fig.
1.1c). Scientists and engineers aim to design and fabricate an LCD with the lowest
cost and the best performance, such as a high contrast ratio, a fast response time and
a wide viewing angle. To achieve better performances, nowadays, many LCD modes
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Figure 1.1: LCD applications of (a) a segmented displays in a watch and (b) a high
resolution monitor. (c) Cross section of PA LCD layers structure of a single RGB pixel
are still being developed by designing LC cells with di↵erent electrode patterns and
surface LC alignment types [3–7].
Most LCD modes are based on three primary LCD types: twisted nematic (TN),
in-plane switching (IPS) and vertical alignment (VA) [8–10]; these three LCD types
will be introduced in detail in Sec. 2.3. As the performances comparison shown in
Table 1.1, no single type of LCD is perfect for everything. For instance, for a gamer,
a TN LCD is a good choice because of the low cost and the fast response time.
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LCD Mode TN VA (MVA) IPS PA (MPA)
Contrast ratio >1000:1 >300:1 >100:1 >100:1
tb!d (ms) < 5 ms 15 ms ⇠ 40 ms 0.2 ms
td!b (ms) < 5 ms 10 ms ⇠ 20 ms 9 ms
Viewing angle narrow wide very wide wide
Table 1.1: Comparison of the LCD performances between di↵erent LCD modes. Here
tb!d is the response time for going from the bright state to the dark state. td!b is the
response time for going from the dark state to the bright state. The performance data
comes from literature reports [11, 12]. A PA cell was prepared with a 27  pretilt angle
and the data are our experimental results. Note that the properties of LCD modes were
discussed in a general way. There are many components in an LCD panel, such as color
filters and TFT layers (see Fig. 1.1c). For LCD panels using components with di↵erent
design and quality, the performance can also be hugely di↵erent.
For a photographer, an IPS LCD is better, as it has a better color reproduction
for a wide viewing angle. For a large TV, the VA mode is good because of a high
contrast ratio and an acceptable response time in contrast to IPS. The advantages
and disadvantages between di↵erent LCD modes have to be considered, which depend
on what the display is used for.
The main goals of this thesis are to improve the contrast ratio, response time and
viewing angle by controlling the pretilt angle, i.e. the orientation of the liquid crystal
molecules with respect to the LC cell walls. To this aim, as described in Ch. 4, we
have developed a new and quite simple method to control the pretilt angle in a wide
range from 0  to 45  by depositing Fe2O3/Cr2O3 on a polyimide-coated substrate. In
this thesis, as shown in Fig. 1.1c, we prepared PA cells by sandwiching the LC layer
with two controllable LC pretilt angle substrates and the external electric direction is
vertical to the substrate. Under a pair of crossed polarizers, an initial state of a PA cell
is designed to present a bright state without an external electric field. By applying a
high enough driving voltage, most LC molecules align parallel to the external electric
field direction. No phase retardation is generated, so the cell is in the dark state.
When removing the voltage, the elastic response of the LC medium brings it back to
its original bright state. According to this operating principle, we studied LC static
and dynamic properties and their pretilt angle dependence to achieve better LCD
performances.
The response time is the time for the switching between the bright and the dark
states of an LC cell, and is a very important performance parameter, especially for
high frame rate (120/240 Hz) LCDs [13, 14]. Generally, the response time for going
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from the bright state to the dark state is more important than the response time for
going from the dark state to the bright state. If it is not designed fast enough, after
the screen refreshes, the screen still shows or mixes with the previous displayed image,
which is called the ghosting e↵ect [15]. In IPS and VA modes, the response time for
going from the bright state to the dark state depends on the time that it takes for the
LC molecules to relax back to the initial state after switching o↵ the driving voltage.
This response speed is limited by the elastic constants of the material. To overcome
this limitation of the response speed, a vertically aligned in-plane-switching (VA-IPS)
LCD mode was developed [16]. However, in this kind of in-plane switching mode,
the brightness is reduced because the light is blocked by the electrodes and circuits
which are designed on the same substrate. In Ch. 6, we will demonstrate a very fast
response time (tb!d = 0.2 ms) by preparing a parallel alignment (PA) cell with an
optimum pretilt angle under a normail driving voltage (see Table 1.1). Comparing
to the response times of IPS and VA modes, our PA mode is more suitable for high
frame rate LCDs.
Moreover, we aim to design an LCD with a fast response and also a wider view-
ing angle. The viewing angle is usually defined as the maximum angle at which an
LCD has an acceptable visual performance, such as the grayscale and the contrast
ratio [17–19]. For compensating the viewing angle dependency of the individual pix-
els, multi-domain systems have been developed [20–22]. In a multi-domain system, a
sub-pixel is divided into four or eight domains. The LC molecules align into di↵erent
directions on di↵erent domains; the viewing angle dependence in each sub-pixel is com-
pensated by averaging the transmittance over domains. Nowadays, a multi-domain
vertical alignment (MVA) mode is mostly used in large TVs because it combines the
advantages of the faster response time than IPS and the wider viewing angle than
TN. By using the same method to compensate the viewing angle dependency as in
an MVA, in Ch. 8, we demonstrate a dual-domain parallel alignment LCD based on
our new developed alignment method to improve the viewing angle.
In Ch. 8, we used a sputtering machine with a shadow mask lithography technology
to obliquely deposit a controllable LC pretilt angle alignment layer onto a selective
area of a substrate [23]. A dual-domain LC pretilt angle control is achieved to get
both fast response time and wider viewing angle.
Apart from the general LCD applications, such as TVs and laptops, we are also
interested in some specific LCD applications. For a reflective black and white LCD
watch, a low energy consumption and a driving voltage are more important to save
the battery life and reduce the device size [24]. In this thesis, we found that a lower
driving voltage is needed for a cell with a higher pretilt angle. This lower driving
voltage cell maintains the same contrast ratio and response time compared to a cell
with a lower pretilt angle which needs a higher driving voltage. The other specific
LCD application is a welding goggle to protect eyes [25]. By detecting the light
strength from the welding, an auto shade LCD goggle operates from the transparent
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state to the blocked state. To protect eyes by preventing a strong exposure during a
welding procedure, the key point of this type of LCD is how fast it can be switched
to the blocked state. In a PA cell, a high blocking (> 99.91%) and fast response (60
µs) welding goggle can be designed by preparing an LC cell with a ⇠25  pretilt angle
and a 15 V switching voltage. In addition, to apply the same driving voltage, a cell
with a high pretilt angle can have a five times shorter blocking time than a cell with
a low pretilt angle.
The theoretical modeling for the observed e↵ects is also an important part of this
thesis. A reliable theoretical analysis is crucial to find suitable cell conditions and
optimum parameters for the best LCD performance [26, 27]. Also, a proper theoret-
ical study can help us to explain the observed LC e↵ects and confirm experimental
results. So far, the existing theoretical analysis of the LCD e↵ects is limited by using
computer simulations or calculations using a small angle approximation [28–30]. In
Ch. 7, we developed a new calculation method which uses the full LC tilt angle range
instead of the small angle approximation and derived the free energy equation with
the crossed terms neglected method. This new calculation method can give the static
and dynamic LC director distribution for all angles. Moreover, this calculation re-
sult shows excellent agreements with the experiments of the pretilt angle dependence
shown in Ch. 6. The calculation also gives the explanations of some LC e↵ects, such
as the threshold voltage and the time delay of the optical response.
Scope of the thesis
Chapter 2 gives an introduction to LCs and LCDs. We start with a background
introduction of LC molecules and their phases. Next, the LC electro-optical proper-
ties, from the birefringence to the transmittance, are explained in detail. The theory
of curvature-elasticity in LCs is introduced, which is the base of our new calcula-
tion method. In the LCD introduction, the description of three typical LCD modes,
TN, IPS and VA, briefly shows the role of LC molecules in LCDs and also gives a
simple introduction how each type of LCD works. After presenting the advantage
of the multi-domain vertical alignment mode, we describe several surface alignment
technologies.
Chapter 3 presents all the relevant experimental setups and analytical methods in
this thesis. It starts by describing in detail our sample preparation setup and fabrica-
tion. The LC texture observation, the pretilt angle and electro-optical e↵ect measure-
ments allow us to investigate the LC and LCD properties. The surface observation
methods provide the possibilities for a nanometer-scale topography investigation, a
compound identification and a quantitive surface composition analysis.
In Ch. 4, we demonstrate how to control the pretilt angle precisely with an
obliquely deposited Fe2O3/Cr2O3 thin film on a polyimide-coated indium-tin-oxide
(ITO) glass. In our study, the pretilt angle can be controlled continuously between
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0  and 45  by varying the Fe2O3/Cr2O3 deposition times. The relation between the
pretilt angle and sputtering conditions was also studied and analyzed.
In Ch. 5, we investigated the possible alignment mechanisms by Fe2O3/Cr2O3 and
polyimide layers by studying the chemical and physical surface changes.
In Ch. 6, we use our controllable pretilt angle method to study the static and
dynamic LC properties and their pretilt angle dependence. The experimental results
showed that better performances, such as a higher contrast ratio and faster response
time, was found in a cell with an optimum pretilt angle.
In Ch. 7, we developed a new calculation method which can present the static
LC director distribution for all angles. The calculations regarding all the interesting
phenomena investigated in Ch. 6 show excellent agreements with the experiments.
In Ch. 8, we prepared a dual-domain cell by combing our pretilt angle controllable
method with a shadow mask lithography technology. A wider viewing angle was
observed in a dual-domain PA cell in contrast to the single-domain PA cell.
Summarizing the thesis: after systematic studies of the LC properties, both with
experiments and a new developed theoretical analysis, a high-performance LCD with
a fast response time and a wide viewing angle (see Table 1.1), is achieved by using a
dual-domain parallel alignment panel with an optimum pretilt angle.
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CHAPTER 2
Liquid Crystal Displays
10 Liquid Crystal Displays
2.1 Introduction
Liquid crystal displays (LCDs) are widely used for display applications because their
optical properties can be easily controlled by an external electric field [1]. In general,
a layer of liquid crystal (LC) molecules is sandwiched between a pair of crossed polar-
izers in an LCD. After passing through the LC layer, the polarization of the light is
altered and then the transmittance is the percentage of the light passing through the
second polarizer, also known as an analyzer. The transmittance is determined accord-
ing to the cell structure and the LC director distribution [2]. The optical properties of
an LC layer can be modified by reorienting the LC director distribution by applying
an electric field. Based on an equilibrium between a surface alignment (initial state)
and an external electric field, this can correspond to the bright and dark states in
LCDs [3, 4].
The unique LC electro-optical properties play an important role in LCDs. This
chapter provides a brief overview from the LC material to the LCD application. First,
LC properties and the basic idea of the LCD operation are explained in Sec. 2.2.
Several LCD technologies which had been developed for achieving higher performances
are discussed in Sec. 2.3. In the last part, several surface alignment technologies are
introduced in Sec. 2.4.
2.2 Liquid crystals
A liquid crystal is a well-known phase of matter which has properties between liquid
and crystal phases [5]. According to the layer structure and chirality, liquid crystals
Figure 2.1: Structure of four typical LC phases, Smectic A (Sm A), Smectic C (Sm C),
Nematic (N), and Chiral nematic (N*). The molecules of smectic phases are organized
into layers. In the smectic A phase, the molecules align vertically to the layers. In the
smectic C phase, the molecules tilt inside the layers. In a nematic phase, the molecules
have no positional order, but have directional order. The chiral nematic phase, which is
also called the cholesteric phase, exhibits a director that is twisted into a helix. The chiral
pitch p refers to the distance over which the LC molecules make a 360  twist.
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Figure 2.2: (a) Schematic representation and phase transition temperatures of a typical
thermotropic nematic liquid crystal. Here we use the example of 5CB which goes from a
crystalline to a nematic phase at 18 C and goes from a nematic to a isotropic phase at
35 C. The director n is the average orientation of the LC molecules. (b) The structural
formula of 5CB.
are further classified into several types of mesophases, such as nematic, smectic, and
cholesteric (see Fig. 2.1) [6]. The cholesteric phase was the first discovered liquid
crystal by Friedrich Reinitzer in 1888 [7]. Nowadays, most of LCDs use the nematic
liquid crystal which is described by Georges Friedel in 1922 [8]. In a nematic phase,
molecules flow as a liquid, that means there is no positional order, but they tend
to orient in the same direction called LC director n (see Fig. 2.2a) resulting in an
orientational order with crystal-like properties such as birefringence.
The only molecule used in this thesis is 4’-n-pentyl-4-cyanobiphenyl (5CB, Merck)
which is a typical thermotropic LC molecule firstly synthesized by Gray et al in
1973 [9]. As the structural formula shown in Fig. 2.2b indicates, 5CB is formed
of a uniaxial rod-like molecule. With increasing temperature, 5CB goes from the
crystalline, nematic, to the isotropic phase (see Fig. 2.2a). In this study, all the
experiments of the 5CB cells were performed at room temperature of 25 C, which is
in the nematic phase.1
In following sections, 5CB properties are basically introduced into three parts: (1)
the LC orientation control via the balance between the surface alignment and the
external electric field. (2) The optical properties from the LC birefringence to the
transmittance. (3) The free energy model for the theoretical investigation.
1Note that though the 5CB molecule is non-centrosymmetric (see Fig. 2.2b), in the nematic phase
the 5CB molecules are on average in an antiparallel arrangement. The director n is therefore not a
vector and the schematic representation of the 5CB molecules in Fig. 2.2a actually represent pairs
of antiparallel molecules. Here, n =  n.
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2.2.1 Electric properties
In a parallel alignment (PA) cell (see Fig. 2.3a), the LC molecules are confined with
two glass substrates. In our study, the glass substrate surface is coated with an indium
tin oxide (ITO) layer as a transparent electrode and an LC planar alignment layer, in
that order (see Fig. 2.3b).2 The LC aligns horizontally without an external electric
field (see 0 V cell of Fig. 2.3a). The 5CB molecule has a positive electrical permittivity
due to the large dipole moment along the LC long axis from the cyano end group (see
Fig. 2.2b) [10]. Because of the positive anisotropic electrical permittivity ( ✏ = 10),
5CB molecules prefer to align parallel to an external electric field. Two parallel ITO
layers generate an electric field E in the normal direction of the substrate. The LC
molecules align along the field with a high enough driving voltage (see high Vd cell
of Fig. 2.3a). Based on this cell structure, the LC orientation can be controlled by
the balance between the surface alignment (horizontal) and the external electric field
(vertical).
2.2.2 Optical properties
A birefringent material has di↵erent refractive indices for di↵erent polarization and
propagation directions of light [11]. As shown in Fig. 2.3e, the uniaxial symmetry of
the 5CB molecule results in birefringence which is presented as two di↵erent refractive
indices for the ordinary no and extraordinary rays ne. Applying an external electric
field, the e↵ective refractive index neff for arbitrary LC tilt angle ✓ (see Fig. 2.3f)
can be derived by the following equation [12].
neff (✓) = (
cos2 ✓
n2e
+
sin2 ✓
n2o
) 
1
2 (2.1)
Under a pair of crossed polarizers oriented over 45  with respect to the surface align-
ment direction (see Fig. 2.3a), the integration of the birefringence over the whole cell
gives the phase retardation    which can be written as
   =
Z d
0
 neff k dz (2.2)
where  neff = no   neff and k = 2⇡/  is the wave number. As shown in Fig. 2.3c,
the initial phase retardation is the maximum of the phase retardation which appears
while all the LC molecules are aligned by a surface treatment (Vd = 0). As the driving
voltage increases, the phase retardation decreases due to the reduction of the refractive
indices di↵erence  neff for the high LC tilt angle. The phase retardation decreases
2If the LCD is used with a high resolution, the electrode layer has to be made with a TFT device
to control the voltage of each sub-pixel. Moreover, each RGB sub-pixel has to be attached with a
color filter to produce colorful images.
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Figure 2.3: (a) The top and (b) side views of the schematic LC distribution under
di↵erent driving voltages. Here the cell is demonstrated with a planar alignment and a
vertical external electric field E. (c) The phase retardation    and (d) the transmittance
T as a function of the driving voltage for the planar cell (rubbed PI sample). (e) The
refractive indices in rod-like LC molecules for the ordinary no and extraordinary rays ne.
(f) The relation between the e↵ective LC refractive index neff and tilt angle ✓.
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Figure 2.4: Three types of nematic LC distortion and their notations of the Frank elastic
constants, K1,K2, and K3.
to zero when all the LC molecules align vertically on the substrate. Furthermore, the
phase retardation    presents on the relative transmittance T and the light intensity
I which can be written as
T =
I
I0
= T0 sin
2(
  
2
) (2.3)
Here, I0 is the maximum of the light intensity.
The external electric field can control the LC director distribution and then, as
shown in Fig. 2.3a, influences the phase retardation and the transmission. According
to the above LC electric and optical properties, an LCD can be achieved by switching
the bright (T = 1) and dark (T = 0) states in each pixel by tuning the strength of
the driving voltage.
2.2.3 Distortion free energy
Previous sections showed that the LC orientation can be controlled by the balance
between the surface alignment and the external electric field. However, the LC di-
rector distribution is still unquantified. In 1958, Frank reported a general theory of
curvature-elasticity in a nematic LC which can be used to express the LC director
distribution under an external field [13]. Here the Frank elastic constants are classified
into three types: splay K1, twist K2, and bend K3 (see Fig. 2.4) [14]. The distortion
free energy density can be expressed as
Fd =
1
2
K1 (r · n)2 + 1
2
K2 (n ·r⇥ n)2 + 1
2
K3 (n⇥r⇥ n)2 (2.4)
where n is the LC director. Then we add the electric field free energy FE.
FE =  1
2
✏?E2   1
2
 ✏ (n ·E)2 (2.5)
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Figure 2.5: Three surface alignment types of nematic LC between substrates. The types
are classified according to the pretilt angle ✓p. The pretilt angle is defined as the angle
between the substrate and the LC long axis in the surface layer.
where  ✏ = ✏k   ✏? is the anisotropic electrical permittivity and E is the externally
applied electric field. By solving the minimum of the total free energy F = Fd +
FE , the LC director ✓(z) distribution can be obtained from both calculations and
simulations following the time-dependent Ericksen-Leslie’s equation, where back-flow
and inertial e↵ects are neglected for the cell structure used in this thesis (see Fig.
2.3a) [15, 16]:
 
K1 sin
2 ✓ +K3 cos
2 ✓
  @2✓
@z2
+ (K3  K1) sin ✓ cos ✓
✓
@✓
@z
◆2
+ ✏0 ✏E
2 sin ✓ cos ✓ =  
@✓
@t
(2.6)
Here K1 and K3 are the splay and bend distortion constants, respectively, and E is
the strength of the external applied electric field. The LC director ✓(z) is defined
as the angle between the LC long axis at position z and the substrate plate. Based
on this equation, the LC director can be numerically derived and the electro-optical
properties of LCDs can be analyzed [17–19].
2.3 Liquid crystal display modes
Several specifications of LCDs are very important, including the screen size, resolu-
tion, contrast ratio, brightness, response time, energy consumption and viewing angle
[20, 21]. To reach higher performances, LCDs are designed with di↵erent cell struc-
tures and alignment types. As shown in Fig. 2.5, the LC surface alignment types
can be briefly classified as planar, tilted and homeotropic alignment, according to the
pretilt angle ✓p [3]. The surface alignment technologies are further introduced in Sec.
2.4.
By designing various electrode patterns and alignment layers, several common
LCD modes were developed to achieve higher LCD performance. However, as de-
scribed in the introduction of Ch. 1, no single LCD mode is perfect for everything.
Three main LCD modes and their performances are introduced in the following, in-
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cluding twisted nematic (TN), in-plane switching (IPS), and vertical alignment (VA)
[3, 22]. In fact, each LCD mode can be further classified into several improved types
by using di↵erent technologies for better performances [23–28]. In this thesis, the
properties of LCD modes are discussed in a general way.
2.3.1 Twisted nematic mode
The twisted nematic mode, which was introduced in 1971 [29], occupies an important
place in LCDs. Fig. 2.6 shows a schematic diagram of a normal-white TN-LCD in
which the LC layer is sandwiched between a pair of crossed polarizers. Nematic liquid
crystal molecules are twisted from the top to the bottom substrates over a 90  angle.
In the OFF state, the polarization of the light adiabatically follows the molecular twist
and is rotated over 90  while passing through the LC cell. It appears as a bright state
because the polarized light can pass through the analyzer set at 90  to the polarizer.
In the ON state, the positive dielectric anisotropy of the LC molecules makes them
align vertically to the substrates along the externally applied electric field. The light
is now blocked by the analyzer because the polarization of the light is not rotated
while passing through the LC cell.
Under a pair of crossed polarizers, a TN LCD can be switched between the bright
and dark states because the polarization of the light is rotated or not while passing
the LC cell, respectively. The TN mode is operated in a low driving voltage (less than
5 V) [24] because the optical switching does not depend on the phase retardation as
in the VA mode, but on the rotation of the polarization. Moreover, a TN cell can be
designed with a narrower cell gap to achieve a faster response time because it does
not need to keep a certain cell gap (⇠ 4 µm) as in the VA mode to achieve the phase
retardation of ⇡. According to the Maugain limit for maintaining a valid waveguiding
behavior of a TN cell, the minimum of the cell gap is ⇠ 2 µm if we use 5CB LC
molecules [30]. With a cell gap of 2 µm, the TN cell has a fast response time less
than 5 ms [3]. The shortcoming of a TN LCD is the narrow viewing angle. Overall,
a TN LCD is a good LCD mode for some personal devices which do not need a wide
viewing angle, for instance a watch, a calculator and an ATM screen.
2.3.2 In-plane switching mode
In 1995, the in-plane switching (IPS) mode was developed by Hitachi in order to
improve the contrast ratio and viewing angle [31, 32]. Fig. 2.7 shows a schematic
diagram of an IPS-LCD. In the OFF state, the LC molecules are parallel to the
polarization axis of the polarizer which appears as a dark state. In the IPS panel, the
electrodes are designed on one substrate so most of the LC molecules are switched
parallel to the substrate. In the ON state, the LC molecules are rotated to a 45 
angle with respect to the polarizer and the analyzer by applying an external electric
field. The transmission increases because of the generated phase retardation.
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Figure 2.6: Schematic representations of bright and dark states for the TN mode.
Figure 2.7: Schematic representations of dark and bright states for the IPS mode in top
views.
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The main advantage of an IPS LCD is that it provides a better color reproduc-
tion in a very wide viewing angle because the LC molecules rotate in-plane under
the applied electric field. However, an IPS LCD has the disadvantage of a slow re-
sponse speed. As a whole, an IPS LCD is suitable for the application of static image
representations.
2.3.3 Vertical alignment mode
In 1971, M. F. Schiekel et al. reported a new LCD mode which is called the verti-
cal alignment mode [33]. As the schematic diagram of the VA mode shown in Fig.
2.8, nematic LC molecules vertically align between two homeotropic alignment glass
plates. In the OFF state, it is a dark state because the polarization of the light
is not changed while passing through LC cell and the polarized light is blocked by
the analyzer. In the ON state, a negative dielectric anisotropy of the LC molecules
makes them rotate to planar or tilted forwards with respect to the substrates under
the externally applied electric field. The LC molecules alter the polarization state
of the light because of the phase retardation e↵ect from the LC birefringence. The
transmission depends on the amount of tilt generated by the electric field.
For a dark state of a VA LCD, all LC molecules align vertically which means that
it is totally black because no any phase retardation was generated. Therefore a VA
LCD has a very high contrast ratio. Comparing with a TN mode, a VA LCD has
a wider viewing angle. Comparing with an IPS mode, a VA LCD presents a faster
response speed, but its viewing angle is not as wide as an IPS mode. To obtain a
wider viewing angle, a multi-domain mode was developed as the description in the
following section.
2.3.4 Multi-domain vertical alignment mode
As shown in Fig. 2.9a, for the VA mode, no light passes through the analyzer while
we observe the display from the normal direction. However, at a larger viewing angle,
the light passes through the analyzer because of the generated phase retardation. For
the VA mode, the transmission depends on the viewing angle.
For compensating the viewing angle dependency of the individual pixels, the multi-
domain vertical alignment (MVA) mode has been developed [34]. As shown in Fig.
2.9b, the LC pretilt angles are controlled in each domain by adding protrusions on the
alignment layers [26]. The viewing angle dependency is compensated by averaging
the transmission in the multi-domain system. Furthermore, the MVA mode not only
provides a wide viewing angle, but also a good color reproduction and fast response
times which is suitable and commonly used in large size TVs.
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Figure 2.8: Schematic representations of dark and bright states for the VA mode.
2.4 Surface alignment technologies
The surface alignment layer plays an extremely important role in an LCD structure
[3, 4]. The rubbed polyimide is a wide-used homogeneous alignment technology with
a high transparency and chemical stability [30, 35]. However, these LC cells may
have some defects which come from the dust and static electricity generated during
the rubbing process. Moreover, the rubbing treatment can hardly be used for locally
controlling the pretilt angle and complicated lithography processes have to be applied
for a multi-domain system [36].
To avoid the defects generated by the rubbing process, several non-contact align-
ment technologies were developed: photo alignment [37–39], ion beam alignment
[40, 41], and oblique evaporation [42–44]. A shadow mask lithography technology
provides another solution for a multi-domain system [45]. As a stencil method, a ma-
terial can be physically deposited by evaporation [42] or sputtering [40, 46] through
a shadow mask onto a selective area of a substrate. By combining a deposited align-
ment film and the shadow mask technology, a small domain LC pretilt angle control
can be achieved.
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Figure 2.9: (a) The vertical alignment and (b) multi-domain vertical alignment.
2.5 Conclusion
Liquid crystal displays are widely used based on mature surface alignment and ex-
ternal field control technologies. The key technological challenge of a multi-domain
mode is how to control the liquid crystal (LC) pretilt angle precisely in each individual
domain. In Ch. 4, we present a new surface treatment method for the pretilt angle
control. By combining this method with a shadow mask technique, a multi-domain
pretilt angle control is achieved and demonstrated in Ch. 8. The elastic free energy
theory provides a calculation method to predict the general behavior of LC media
and the calculation results are discussed in Ch. 7.
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3.1 Introduction
For achieving higher liquid crystal display (LCD) performances, a variety of LC cell
modes had been developed which are detailedly described in Sec. 2.3 [1]. During the
same time period, many techniques have been developed for investigating liquid crys-
tal (LC) molecules and LCD properties. Some well-known methods to observe the
LC behaviors in a cell are LC texture characterization [2, 3], pretilt angle measure-
ment [4], and electric-optical e↵ect [1]. The texture characterization and pretilt angle
measurement are used to observe the LC surface alignment condition. The study of
the electric-optical e↵ect allows us to examine the LCD performance, such as contrast
ratio and optical response speed.
The di↵erent LCD modes are designed by using di↵erent LC surface alignment
types and electrode patterns (see Sec. 2.3). Therefore, many LC surface alignment
technologies had been developed, such as photo alignment [5–7], ion beam alignment
[8, 9], and oblique evaporation [10–12]. In this thesis, we found that by combining
a deposited LC alignment film and the shadow mask technology, the LC pretilt an-
gle can be controlled in a small selected domain. To investigate the LC alignment
mechanism, the surface can be examined physically and chemically by two surface
analyzing methods as follows [13]. Nanometer scale particle sizes and surface rough-
ness can be observed by using atomic force microscopy (AFM). X-ray photoelectron
spectroscopy (XPS) is a surface quantitative investigation technique which can give
surface information, including elemental compositions and the chemical state of the
elements.
This chapter presents all the relevant experimental setups and analytical methods.
First, it starts with detailedly describing our sample preparation setup and process.
Then, the observation methods of LC static and dynamic properties are introduced,
including the LC texture, the pretilt angle and electric-optical e↵ect measurements.
In the last section, we describe two surface investigation techniques, AFM and XPS.
According to our sample preparation method, we can control the LC pretilt angle by
choosing di↵erent LC alignment thin film deposition conditions. Then, for investigat-
ing the dependence of the LCD properties on the pretilt angle, samples were studied
by using the above-mentioned experimental and analytical methods.
3.2 Cell preparation
The preparation of a pretilt angle controlling parallel alignment (PA) cell contains
several steps: ITO-glass cleaning, polyimide coating, sputtering thin film deposition,
and cell confinement. Here, we start with the introduction of the sputtering machine.
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Figure 3.1: (a) Schematic setup with its dimensions and (b) Chamber pressures for
corresponding ion beam currents.
3.2.1 Ion beam sputter machine
A direct-current ion-coater (model IB-3, EIKO Engineering Co., Ltd.) was used to
deposit a thin film on the substrate as an LC alignment layer (see Fig. 3.1a). The
diameters of the top and bottom electrodes are 50 mm and 52 mm, respectively, and
they were 30 mm spaced apart. They were placed in a glass chamber with two tubes:
one was connected to an air pump, while the other was linked to an argon gas source
via a flow valve for chamber-pressure control. After the chamber pressure was pumped
down till 30 mTorr, the sputtering voltage control was switched and fixed at Vs. Then,
the argon valve was opened and kept at a specific pressure P for a corresponding ion
beam current Iion (see Fig. 3.1b). The argon ion beam machine IB-3 could be set in
the etching mode or coating mode by switching the voltage polarity. In the etching
mode, the substrates were placed on the bottom electrode (cathode). In the coating
mode, the top electrode was chosen as the cathode so that the target pad mounted
on top would be bombarded by argon ions produced from the collision of electrons
with argon atoms. As shown in Fig. 3.1a, the substrates set on the bottom were
coated with a thin film. The material of the deposited thin film is sputtered from the
target due to the bombardment with argon ions which are accelerated by the external
electric field. The thickness th strongly correlated with the ion beam current Iion and
coating time tc [14]:
th = C Iion tc (3.1)
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where C is a coe cient corresponding to the target material and the sputtering energy
which is varied by the sputtering voltage Vs.
3.2.2 Substrate preparation and cell confinement
The substrates were prepared in three steps, (1) ITO-glass cleaning, (2) polyimide
coating and (3) Fe2O3/Cr2O3 deposition by sputtering the stainless steel target. The
first step is the substrate cleaning. The 1⇥2 cm2 ITO-glasses were put into ultrasonic
baths for four di↵erent solvents in the following order, clean water with neutral liquid
detergent, acetone, methanol, and deionized water. The bath time is 5 minutes for
each solvent. Between the process of the solvent change, the substrates were dried
by blowing nitrogen gas. After an hour baking in a 100 C oven, the substrates were
ready for the next step, polyimide coating.1
We spin-coated polyimide SE-130B (PI, Nissan Chemical Industries, Ltd.) on a
cleaned substrate. The spin speed is controlled at 2000 rpm for the first 15 seconds
and then increased up to 4000 rpm for another 25 seconds. The substrates were pre-
baked at 80 C for 5 minutes and then cured at 170 C for an hour. Note that we have
no velvet rubbing process in our cell preparation. The spin coating is a reliable PI
coating technology.
As shown in Fig. 3.1a, the PI-coated substrate was placed on the bottom (anode)
with a glass stand for keeping the sample at ↵ = 60  with respect to the horizontal.
A stainless steel pad was mounted on the top electrode (cathode) as the sputtering
target. After pumping down the chamber pressure till 30 mTorr, the argon gas was
entered and kept at a specific pressure to keep the sputtering voltage Vs and ion
beam current Iion constant. Several pairs of substrates were prepared under various
conditions, including coating time tc = 0 ⇠ 120 min, ion beam current Iion = 3
and 5 mA, and sputtering voltage Vs = 420, 560, and 700 V. The composition of
the deposited thin film from the sputtered stainless steel target was identified as
Fe2O3/Cr2O3 by XPS (The details are presented in Sec. 5.3.1).
For each sputtering condition, we prepared three samples. As shown in Fig. 3.2a,
based on the size of the bottom electrode, only two substrates can be coated at once
and the substrates were marked as “R” (right) and “L” (left), respectively. For one
sample, we coated two pairs of substrates and marked them as 1R, 1L, 2R, and 2L.
As shown in Fig. 3.2b, substrates 1R and 2L were combined as an anti-parallel (AP)
alignment cell and sandwiched with mylar films or µm size glass balls as spacers.2
The empty cells were filled with 4’-n-pentyl-4-cyanobiphenyl (5CB, Merck) at 60 C
1In addition, the room humidity has to be controlled below 40%. Otherwise, the polyimide cannot
be coated uniformly on the ITO glass.
2In Ch. 4, we used 23 µm mylar as a spacer for the high accurate pretilt angle measurement. In
Ch. 6, di↵erent thickness of the glass ball were chosen for the electric-optical e↵ect investigation of
PA cells with di↵erent pretilt angle.
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Figure 3.2: (a) Substrates identification in sputtering deposition. The coating direction
is defined as perpendicular to the electrode plates. Two substrates were coated at once
and marked as “R” (right) and “L” (left), respectively. For each sample, we coated two
pairs of substrates, 1R, 1L, 2R, and 2L. (b) The layer structure after coating process.
Here, the schematic figure of the layer structure presents the coating order without the
interaction between layers. (b) Cell confinement with mylar thin films as spacers.
and annealed to room temperature. The other two substrates, 1L and 2R, were used
for the surface investigations in Ch. 5.
3.3 Measurement of LC alignment and dynamic properties
LCs can be applied for displays because LCs can be easily aligned by the balance
between the alignment surface and the external field. The bright and dark states can
be achieved because the polarization can be changed while the light passes through
the LC cell. Several optical observation technologies were developed [1]. Three tech-
nologies are introduced in the following sections.
3.3.1 Polarizing optical microscope
A polarizing optical microscope (POM) is widely used for the LC alignment investiga-
tion. By observing the texture of the LC cell between a pair of crossed polarizers (see
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Fig. 3.3a), the LC surface alignment types can be identified [3, 15]. In our study, 5CB
behaves as a nematic liquid crystal (NLC) phase at room temperature. The textures
of three well-known NLC alignment types are introduced, including (1) vertical, (2)
planar or tilted, and (3) random planar.
In a vertical NLC alignment cell, LC molecules are vertically aligned. As shown
in Fig. 3.3b, the projection of the rod-like NLC onto the substrate plane is a circle.
No matter the orientation of the cell at 0  or 45  relative to the crossed polarizers,
the cell only exhibits the dark state (see Fig. 3.3b) because the cell cannot induce any
phase retardation. This texture can be found in a vertical LC cell which is prepared
with the substrate coated with a homeotropic layer, for instance, DMOAP [16].
In a planar NLC alignment cell, the LC molecules align uniformly parallel the
substrate. In a tilted NLC alignment cell, the LC molecules are parallel to each other
and have a tilt angle with respect to the substrate. In the above two NLC alignment
types, dark and bright states correspond to the relative LC orientation at 0  and 45 
with respect to the crossed polarizers (see Fig. 3.3c) because of the phase retardation
acquired by the linearly polarized light rotation after passing through the sample.
Actually, a planar cell can be regarded as a special case of a tilted cell with a zero
tilt angle. This texture can be found in LC cells which are shown in the following
chapters.
One of the other well-known textures of nematic LC is random planar (see Fig.
3.3d). In this alignment, the LC molecules lie down on the substrate. In the short-
order range, LC molecules align parallel with their neighbors. In the long-order range,
LC directors are parallel to the substrate but in random directions. This texture can
be found in a cell with a non-rubbed polyimide substrate.
In Ch. 4, POM is used to characterize the LC surface alignment types of cells
which are prepared with di↵erent alignment layer structure. Moreover, in Ch. 8, POM
images provide good evidence of our multi-domain cell and show the high uniformity
in each domain.
So far, POM is a simple method to characterize the alignment types and uniformity
of the LC cells. However, the long and short axes cannot be distinguished and the
LC director cannot be determined in a planar or tilted texture.
3.3.2 Pretilt angle measurement
In the tilt alignment cell, we want to investigate the angle between the surface LC long
axis and the substrate which is called pretilt angle ✓p. There are several well-known
pretilt angle measurement techniques, for instance, the crystal rotation method, the
capacitive method , and the magnetic null method [4]. We choose the crystal rotation
method which does not need an external field during the pretilt angle measurement.
As shown in Fig. 3.4a, due to the LC birefringence property, an incident ray with
the incident angle  is separated into two rays, the ordinary ray (o-ray) and the
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Figure 3.3: (a) Schematic setup of the polarising optical microscope (POM). The white
arrows are the polarization directions of polarizer and analyzer. 3D and top view of the
schematic setup with the LC alignment direction and the textures of (b) vertical, (c)
planar/tilted, and (d) random planar alignments.
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Figure 3.4: (a) The birefringence e↵ect in a cell. (b) Schematic setup of the pretilt angle
measurement. The experimental (red line) and fitting results (black line) of (c) the low
pretilt angle cell and (d) the high pretilt angle cell.
extraordinary ray (e-ray) with the angles  o and  e, respectively. The optical path
di↵erence (OPD) can be written as
OPD = [neff (
d
cos e
) + (tan o   tan e)d sin ]  no( d
cos o
) (3.2)
According to Snell’s law, sin = no sin o = ne sin e, the OPD can be simplified
as [17]
OPD = d[
1
c2
(a2 b2) sin ✓p cos ✓p sin +1
c
(1  a
2b2
c2
sin2  )
1
2  1
b
(1 b2 sin2  ) 12 ] (3.3)
where a = 1ne , b =
1
no
, and c = (a2 cos2 ✓p + b2 sin
2 ✓p).
By using the setup as shown in Fig. 3.4b, the transmission as a function of angle
can be measured. The angle  dependence of the transmission T can be derived from
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the phase retardation    (see Sec. 2.2.2).
T = T0 sin
2(
  
2
) = T0 sin
2(
2⇡
 
OPD) (3.4)
In general, as shown in Fig. 3.4c, the pretilt angle can be derived from the angle
of the symmetry point of the angular dependence of the transmittance and the cell
thickness d. However, as shown for the example of a large pretilt angle cell in Fig.
3.4b, the symmetry point can be out of the measured range, -55  to 55 . As shown
in Fig. 3.4c and d, the pretilt angle can be obtained by finding the best agreement of
the angle dependent transmissions between the calculation (black solid line) and the
experiment result (red dashed line).
3.3.3 Electro-optical e↵ect
LCDs operate by switching between bright and dark states in each pixel by the par-
ticular LC electric-optical e↵ect. By applying the driving voltage, the brightness can
be controlled because of the change of the LC orientation distribution (see Sec. 2.2).
The LC orientation distribution can not be directly measured in an experiment, only
its e↵ects on the light which present itself as a phase retardation in the transmission.
Therefore, the transmittance and the phase retardation of the external electric field
dependence needs a further investigation.
With the setup shown in Fig. 3.5a, we apply a 1 kHz square-wave driving voltage
and then record the transmission as a function of the driving voltage (see Fig. 3.5b).
The optical time response can also be acquired by connecting the detector and the
voltage switching signals to an oscilloscope. This can help us for the further studies of
LCD performances, such as contrast ratio and response time, in Ch. 6. Moreover, by
rotating the LC cell with a rotating stage, the e↵ect of the viewing angle dependence
for a multi-domain LC cell can be examined in Ch. 8.
3.4 Surface studies
To investigated the LC alignment mechanism, we introduce two surface investigation
techniques as follows.
3.4.1 Topography - AFM
Atomic force microscopy (AFM) is a nanometer scale surface topography scan tech-
nology. The AFM (Dimension 3100 AFM, VEECO) we used can be operated under
two modes depending on di↵erent tip motion types, contact and tapping modes. In
this thesis, all the AFM images and data are acquired under the tapping mode. In the
tapping mode, the cantilever with a tip is driven over the surface and the oscillator
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Figure 3.5: (a) Schematic setup and (b) Experimental result of an electric-optical e↵ect
experiment. The LC cell is driven by an 1 kHz square wave with voltage amplitude Vd.
Figure 3.6: Schematic of AFM tapping mode. The amplitude change of this oscillation
of the cantilever is measured by detecting a laser reflection from the top surface of the
cantilever.
is set near its resonance frequency (see Fig. 3.6). While the tip comes closer to the
surface, the amplitude of this oscillation of the cantilever decreases because of the
forces between the tip and the surface. The interaction forces include Van der Waals
forces, dipole-dipole interactions, electrostatic forces, etc. The amplitude change of
the oscillation of the cantilever is measured by detecting a laser reflection from the
top surface of the cantilever.
As shown in Fig. 3.7a, after a 2D scan of the substrate surface by moving the tip,
the topography can be reproduced as a height image with 1⇥ 1 nm2 scan resolution.
A 2D height image allows us to investigate the surface morphology and the structure
dimensions. The height image can also be presented as a 3D surface profile (see Fig.
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Figure 3.7: (b) A 3D image, (c) height image and (d) cross section of the AFM scan.
The image (c) is the cross section of the red line in (b). The 2D height image is obtained
by scanning, with the tip moving in the x and y direction in Fig. 3.6.
3.7a) to observe the structure and the topography perceptively. Fig. 3.7c shows the
cross section of the red line in Fig. 3.7b. We can observe that the topography has
a structure or a pattern along the depositing direction. Furthermore, the roughness
can be calculated as the arithmetic average of the absolute height of the AFM profile.
The baseline is the average height (see the zero level in Fig. 3.7c). The experimental
results of the AFM are presented in Sec. 5.3.
3.4.2 Surface element analysis - XPS
X-ray photoemission spectroscopy (XPS) is a quantitative surface chemical spectro-
scopic technique which can be used to investigate the chemical composition, the bond
type, and the electron configuration of the top layer of a material.3 As shown in
Fig. 3.8, in a typical XPS experiment, X-rays irradiate the substrate surface and the
photo-emitted electrons escaping from the top surface layer (1⇠10 nm, few electron
mean free paths) are detected. By counting the number of electrons and measuring
3XPS is also known as ESCA (Electron Spectroscopy for Chemical Analysis).
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Figure 3.8: Schematic setup of XPS experiment.
their kinetic energies (see Fig. 3.9a and b), the chemical and electronic state can be
characterized by the peak positions of the binding energy (BE) spectrum.
In this thesis, all spectra were obtained by using a PHI-1600 (Physical Electronics,
Inc.) with a monochromatic source for X-ray irradiation of MgK↵ (1253.60 eV) and a
precision energy analyzer (PHI 10-360). The X-ray incident angle and photoelectrons
detection angle are 54  and 45 , respectively, from the substrate. The wide-scan XPS
spectrum was scanned as a function of the binding energy from 0 to 1100 eV in the
survey mode with 1 eV step size (see Fig. 3.9a). To further investigate the main
peaks, we rescanned the spectra of five main peak ranges with a 0.2 eV step size (see
Fig. 3.10).
Binding energy calibration
Due to the surface charging e↵ect, the measured binding energy will be shifted c.a.
5 eV. Before the analysis, the XPS spectrum has to be calibrated with respect to a
specific BE reference. In this study, all of our measured BE spectra were shifted to
set the C 1s peak at 284.8 eV.
We collected many XPS peak data for compound identification from literature
(see Ch. 5). However, in the literature, di↵erent BE reference elements and peak
positions were chosen.4 So we have to reshift properly all the collected BE peak
position data (see Table 5.3⇠5.5) to match our BE reference (C 1s at 284.8 eV). For
instance, Ektessabi et al. [18] calibrated their XPS spectrum by C 1s at 284.7 eV so
the peak position data from this literature (see Table 5.5) would be shifted +0.1 eV
to match our BE reference (C 1s at 284.8 eV).
Some of the reports in the literature chose the O 1s and N 1s as the BE references.
Based on our spectrum, these data would be shifted to map O 1s at 530.3 eV (in
4In general, authors choose one of the elements (C, O, N, and Au) as the reference.
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Figure 3.9: Experimental results of XPS experiment from (a) Fe2O3/Cr2O3 deposited
and (b) PI coated substrate.
Cr2O3 [19] ) and N 1s at 400.3 eV. A few literature studies chose Au 4f7/2 as the
BE reference, but we had no gold signal in our substrate to calibrate these spectra.
Harvey et al. [20] corrected the spectrum with Au 4f7/2 = 83.8 eV and C 1s = 284.6
eV at the same time. Comparing to our reference C 1s at 284.8 eV, the BE reference
from these literature studies can be set as Au 4f7/2 = 84.0 eV.
Element characterization
After the BE calibration, the elements can be characterized roughly by identifying
the peak positions of the binding energy spectrum. As the examples of Fig. 3.9b
show, in the polyimide substrate, the peaks of C 1s, O 1s and N 1s signals were found
at 284, 531 and 400 eV, respectively, which come from the polyimide layer. In the
Fe2O3/Cr2O3 dposited substrate (see Fig. 3.9a), the C 1s and N 1s became relatively
small and the signals of Fe 2p and Cr 2p appeared because the surface is covered with
a thin Fe2O3/Cr2O3 film by sputtering the stainless steel target.
Detailed analysis methods
Furthermore, the XPS signal can be used to identified the chemical compounds and
quantitatively analyze the compositions by the following steps: (1) background sub-
traction and (2) sub-peak fitting. To obtain a better analytical result, the spectra of
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Figure 3.10: (a) A Shirley background (red line) with the given BE boundaries BH and
BL. The black line is the raw Fe 2p data of the XPS measurement. (b) The experimental
result and the fitting peaks of a Fe 2p spectrum. Fe 2p peaks were fitted separately by
three sub-peaks which correspond to Fe 2p3/2 (blue), Fe 2p3/2,sat (green), and Fe 2p1/2
(red). Not only the peak positions can be used to identify the compound type, but also
the peak areas can also be used for a quantitative analysis which is presented in Ch. 5.
the main peak ranges were rescanned with a higher resolution (0.2 eV step size).
We chose the Fe 2p peak signal for chemical composition analysis and calcula-
tion. First, the background signal has to be subtracted. As shown in Fig. 3.10a, the
Shirley background is computed with given BE boundaries (BL and BH) by using the
package software MultiPak (ULVAC-PHI, Inc.) [21]. After the Shirley background
subtraction, as shown in Fig. 3.10b, the precise peak positions (BE1, BE2 and BE3)
and the integrated areas (A1, A2 and A3) are determined by using another software
package (XPSPEAK 4.1).
In our substrate, there are several possible Fe chemical configurations, such as Fe
(metal), FeO, Fe2O3, Fe3O4, FeCO3 and FeOOH. The binding energy peak position
is shifted (⇠eV) depending on the di↵erent neighboring atoms. All the corresponding
BE peak positions were collected from literature (see Table 5.3) and the compound
can be identified by comparing the peak positions. In the experiment, Fe 2p peaks
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Figure 3.11: For a XPS case, the sub-peaks are too close to be separated by a peak
fitting method [23] due to the full widths at half maximum of sub-peaks. (a) Polyimide
repeated unit and the binding states of the carbon atoms (C1-C8). (b) XPS spectra of
C 1s peak before and after Fe2O3/Cr2O3 coating process. Black line is the C 1s peaks
which can be separated into four carbon groups. The coloured areas are the peaks of
each carbon group (see Table 5.6).
(see Fig, 3.9b) were fitted separately by three sub-peaks which correspond to Fe 2p3/2
(BE1 = 711.1 eV), Fe 2p3/2,sat (BE2 = 719.0 eV), and Fe 2p1/2 (BE3 = 724.5 eV).
By matching the sub-peak positions with the data from the literature, the Fe 2p peak
signal can be identified as Fe2O3. The detailed discussions will be presented in Ch. 5.
The XPS can also be used for a quantitative analysis. For di↵erent elements, the
quantitative composition n can be obtained by the following equation
n = cA/S (3.5)
Here, c is a constant, A is the integrated peak area in the XPS spectrum, and S is
the relative sensitivity factor for each element [22]. In this thesis, the composition
of Fe2O3 and Cr2O3 were quantified by this method. The XPS relative sensitivity
factors were chosen as 2.0 (Fe 2p3/2) and 1.5 (Cr 2p3/2) in relation to F 1s = 1.00
[22]. According to the present measurements, the normalized compositions of the
deposited thin film (tc = 10 ⇠ 120 min) were 74.6±3.4% Fe2O3 / 25.4±3.7% Cr2O3.
In some cases, the sub-peaks are too close to be separated by peak fitting [23] due
to the full widths at half maximum (FWHM) of the sub-peaks. In our experiment,
the C 1s XPS spectrum contains eight types of carbon compounds (see Fig. 3.11a)
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which come from the polyimide. The detected C 1s line is the superposition of sub-
peaks from various carbon compounds. Because several sub-peaks are closer than the
FWHM of the C 1s peak of a specific compound (0.9 to 1.2 eV) [18], eight carbon
compound types were classified into four groups, Carbon A to D (see Table 5.6) [23].
As shown in Fig. 3.11b, sub-peaks were convolutions of Gaussian and Lorentzian
functions with the corresponding FWHM.5 In Sec. 5.4, this analytical method will be
used to study the surface chemical change during the thin film deposition process.
3.5 Conclusion
In the whole thesis, LC cells are prepared following the sample preparation method
in Sec. 3.2. In Ch. 4, we investigate the relation between the pretilt angle and the
sputtering conditions. The optical measurement methods introduced in Sec. 3.3 allow
us to understand the LC static and dynamic behavior of the cell for di↵erent pretilt
angles with an external electric field. These measurement methods are used in Ch. 4,
6 and 8. The surface investigation methods in Sec. 3.4 provide the possibilities for the
investigations of a nanometer-scale topography and a quantitive surface composition
analysis. These surface investigation techniques are used in Ch. 5.
5The FWHM of each group is given by the contained compound types. For instance, the Carbon
B group gave a wide FWHM because the binding states (C3 to C6) have wider BEs (285.2 to 285.5
eV).
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CHAPTER 4
LC Alignment by Obliquely Sputtered Fe2O3/Cr2O3 on
Polyimide
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4.1 Introduction
In liquid crystal displays (LCDs), several specifications are important, such as contrast
ratio, and response time and viewing angle [1–3]. Response time is the time for an
optical switching between the bright and the dark states. In general, the response time
for going from the bright state to the dark state is more important than the response
time for going from the dark state to the bright state. If it is not designed fast enough,
after the screen refreshes, the screen still shows or mixes with the previous displayed
image, which is called the ghost image e↵ect [4]. In both in-plane switching (IPS) [5]
and vertical alignment (VA) [6] modes, the response time for going from the bright
state to the dark state depends on the time that is taken for the LC molecules to
relax back to the initial state after switching o↵ the driving voltage. This response
speed is limited by the elastic relaxation of the LC molecules back to their initial
state. In contrast to IPS and VA modes, in our parallel alignment (PA) cell (see Sec.
2.2.2), the response time to go from the bright state to the dark state can be faster
by just giving a higher driving voltage. Moreover, F S Yeung et al. and X Nie et al.
reported the dependence of the response time on the pretilt angle [7, 8]. Here the
pretilt angle is the angle between the substrate and the LC long axis in the surface
layer. Therefore, a faster response time can be achieved by designing a PA cell with a
proper pretilt angle. This response time property is experimentally investigated and
theoretically discussed in Ch. 6 and 7, respectively.
The viewing angle is one of the important properties, in particular for large screen
applications. To reach the maximum angle at which a display can be observed with
proper contrast ratio and gray scale, the viewing angle has to be designed as wide
as possible [2]. For improving the viewing angle dependency of the individual pixels,
multi-domain LC alignment technologies had been developed (see Sec. 2.3.4) [9–12].
In a multi-domain mode, the liquid crystal (LC) pretilt angles are controlled in a sub-
pixel and the viewing angle dependency in each pixel is compensated by averaging
the transmission of sub-pixels. The key technological challenge of this kind of multi-
domain LCD mode is how to control the liquid crystal pretilt angle precisely in each
sub-pixel.
The LC surface alignment layer which determines the LC pretilt angle is a crucial
part of an LCD [13]. Nowadays, in single-domain LCDs manufacturing, the velvet
rubbing treatment is the simplest and low-cost alignment technology with advantages
of high transparency and chemical stability [14]. By rubbing the substrate which is
spin coated with a polyimide (PI) thin film, a liquid crystal molecule can be oriented
by this surface. The rubbed polyimide thin film presents a planar alignment in which
the LC molecules are parallel to the substrate and along to the rubbing direction.
However, the rubbing treatment cannot be applied to control the pretilt angle widely.
Moreover, for a multi-domain system, complicated lithography processes have to be
applied to control di↵erent LC alignment directions in sub-pixels [15].
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Therefore, we aim to find an LC surface alignment method to be useful for a
pretilt angle control multi-domain system. Oblique deposition of a thin film is a
suitable LC alignment technology [16–18] which can also be applied to a multi-domain
system by using a shadow mask lithography technology [19]. A LC alignment layer
can be physically deposited by evaporation [16] or sputtering [20, 21] through the
shadow mask onto a selective area of a substrate. The multi-domain preparation
method is introduced in detail in Ch. 8. By combining deposition film and shadow
mask lithography technologies, a selected local domain LC control can be achieved,
resulting in a simpler fabrication comparing with a complex photolithographic process
in a multi-domain PI mode system.
In earlier studies, a homeotropic alignment (see Sec. 2.3) was achieved by de-
positing a thin film by sputtering from a stainless steel target. However, it did not
provide a wide pretilt angle control [21]. In this chapter, we demonstrate how to
control the pretilt angle precisely with an obliquely deposited Fe2O3/Cr2O3 thin film
on a polyimide-coated indium-tin-oxide (ITO) glass.1 In Sec. 4.3.1, we found that
the pretilt angle can be controlled continuously between 0  and 45  by varying the
Fe2O3/Cr2O3 deposition times. In Sec. 4.3.2, to examine the essential of the roles
of Fe2O3/Cr2O3 on polyimide and the oblique deposition, two cells were compared
and their pretilt angle changes were observed. In Sec. 4.3.3, the relation between
the pretilt angle and sputtering conditions was also studied and analyzed, based on
the electric field distribution of the sputter system. According to the experimental
results, to get a higher fabrication productivity, a shorter deposition time for a cell
has the same pretilt angle by applying a higher sputtering voltage and a higher ion
beam current.
4.2 Sample
Following the sample preparation steps in Sec. 3.2, we first spin-coated polyimide
on a cleaned 1 ⇥ 2 cm2 ITO-glass and the thickness of the PI layer measured by
ellipsometer was c.a. 300 nm. Then we obliquely deposited a thin film on the PI-
coated substrate by sputtering the stainless steel target (SUS 304, EIKO Engineering
Co., Ltd.). The composition of the deposited thin film was identified as Fe2O3/Cr2O3
by X-ray photoemission spectroscopy in Sec. 5.3.1. As shown in Fig. 4.1a, the PI-
coated substrate was set on the anode (bottom electrode) with a stand for keeping the
sample at ↵ = 60  with respect to the horizontal.2 A stainless steel pad was mounted
1Several materials were tested for LC surface alignment in early studies. For instance, a deposited
film from gold pad presents a homogeneous alignment (see Sec. 4.3.2). Only a deposited film from a
stainless steel target had a precise LC pretilt angle controllable property.
2The pretilt angle changes under various deposition angle were studied. In this thesis, all cells for
the LC studies and surface investigations were prepared at ↵ = 60 , which can control the pretilt
angle in a parallel alignment region (✓p = 0  ⇠ 45 ).
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Figure 4.1: The ion beam sputter (a) setup and (b) the electric potential distribution
between anode and cathode [22]. The electric potential distribution (black solid line)
is linearly simplified (red dash lines) in four regions (I, II, III, and IV) which is used for
calculating the sputtering electric potential energy in Sec. 4.3.3.
on the cathode (top electrode) as the sputtering target. Several pairs of substrates
were prepared under various conditions, including deposition times td (5 ⇠ 120 min),
ion beam currents Iion (3 and 5 mA), and sputter voltages Vs (420, 560, and 700 V).
Two Fe2O3/Cr2O3-deposited substrates were combined as an anti-parallel (AP)
alignment cell and sandwiched with 23 µm mylar spacers (see Fig. 3.2).3 The empty
cells were filled with 4’-n-pentyl-4-cyanobiphenyl (5CB, Merck) at 60 C and annealed
to room temperature.
4.3 Results and discussions
4.3.1 Alignment and pretilt angle
To characterize the LC alignment, we first used a polarizing optical microscope (POM)
which is widely used for LC alignment investigations (see Sec. 3.3.1). At the setup
in Fig. 3.3a, by observing the texture of the cell between a pair of crossed polarizers,
the LC orientation can be identified [24, 25]. In our study, the 5CB cell is in the
nematic phase at room temperature. In a planar or tilted nematic liquid crystal
(NLC) alignment cell, dark and bright states correspond to the relative LC orientation
3Most of the commercial LCDs use from 4 to 10 µm as the LC thickness to get a fast optical
response speed [23]. In our case, it is hard to determine precisely high pretilt angles (✓p > 20 ) for
such thin thickness. Therefore, in only this Ch. 4, we made the cell 23 µm thick for precise pretilt
angle measurement.
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Figure 4.2: The POM textures of the cells prepared with 40 and 120 minutes
Fe2O3/Cr2O3 deposition times. The white arrows are the polarization directions of po-
larizer and analyzer. The black arrows are the projection of the depostion direction on
the substrate.
at 0  and 45  with respect to the crossed polarizers, because of the phase retardation
acquired by the linear polarized light after passing through the sample. On the other
hand, in a homeotropic NLC alignment cell, no matter the orientation of the cell at 0 
or 45  relative to the crossed polarizers, the cell only exhibits the dark state because
there is no induced phase retardation since the LC molecules align vertically.
The LC cells were prepared keeping constant the sputtering voltage Vs = 560 V
and ion beam current Iion = 5 mA and varying the Fe2O3/Cr2O3 deposition times td
from 5 to 120 min. All samples presented a uniform planar or tilted alignment (see
the texture types in Fig. 3.3). Figure 4.2 shows two POM images of the 5CB cells
corresponding to two di↵erent Fe2O3/Cr2O3 deposition times. The projection of the
LC director on the substrate is along the projection of the deposition direction on
the substrate. It is visible that, despite of the fact that the substrate is prepared by
obliquely depositing Fe2O3/Cr2O3 on a “non-rubbed” polyimide thin film, the cells
also presented a uniform director just as a “rubbed” polyimide cell. Furthermore, the
pretilt angles of these 5CB cells were measured and analyzed by using the “crystal
rotation method” (see Sec. 3.3.2) [26]. As shown in Fig. 4.3, the pretilt angle was
directly proportional to the Fe2O3/Cr2O3 deposition time up to 80 minutes and then
it saturated at about 45  for longer deposition times.
So far, the POM images and the pretilt angle changes showed that the oblique
deposition Fe2O3/Cr2O3 thin film presents a homogenous or tilted alignment layer
and the pretilt angle could be controlled by tuning the deposition time. It provides
a valid method to simply control the LC alignment along both azimuthal and polar
angle.
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Figure 4.3: The pretilt angle measurements of di↵erent LC cells as a function of the
Fe2O3/Cr2O3 deposition time. The squares are the experimental data while the line
is a linear fit, resulting from the short deposition time region (td  80 min), and the
height of the flat part is the average of the pretilt angle after 80 minutes deposition time.
For each Fe2O3/Cr2O3 deposition time, we prepared three samples and measured their
pretilt angles. The data and the error bar are the average and the standard deviation,
respectively, of three samples of each deposition time.
4.3.2 Roles of Fe2O3/Cr2O3 on polyimide and oblique deposition
In order to investigate the roles of each coated layer and the oblique deposition pro-
cess, we prepared three kinds of samples (see Fig. 4.4), namely, (1) gold sample, (2)
non-polyimide sample and (3) vertically deposited sample, respectively, under the
standard sputtering conditions of Vs = 560 V and Iion = 5 mA.
Gold sample: After replacing the stainless steel target by a gold pad, the “gold
sample” was prepared by the standard procedure with the same sputter machine.
Gold obliquely deposited on a PI-coated substrate was investigated to see if we could
obtain the same control of the LC pretilt angle. However, as shown in Fig. 4.4a,
the POM images indicate that the gold sample only gives a homeotropic alignment.
This demonstrates the fact that the surface composition of the deposited layer has an
essential role in controlling the pretilt angle.
Non-polyimide sample: In this sample, Fe2O3/Cr2O3 was directly obliquely de-
posited on an ITO glass. There was no polyimide layer in this substrate. Fig. 4.4b
presents the POM images of the cell with a 20 minutes deposition time. It shows a
uniform homeotropic alignment.
Vertically deposited sample: In this sample the substrates were set horizontally on
the bottom electrode plate (↵ = 0 , see Fig. 4.1a). This means that the Fe2O3/Cr2O3
thin film was deposited vertically on the PI-coated substrate. As shown in Fig. 4.4c,
for the cell with 20 minutes deposition time, a clear random planar texture was ob-
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Figure 4.4: The POM images of (a) standard sample, (b) gold sample, (c) non-polyimide
sample, and (c) vertically deposited sample. The red dashed rectangles point out the
di↵erence between the cell and the standard cell. The white arrows are the polarization
directions of polarizer and analyzer. The black arrows are the projection of the deposition
direction on the substrate. “no” means that the POM image is unnecessary to be taken
for LC alignment characterization. In (b) and (c), the cells only exhibit dark states which
means the cell cannot induce any phase retardation. In this case, there are two possible
alignments, homeotropic and isotropic, in which the LC molecules orient vertically and
randomly, respectively, to the substrate. To distinguish these two types, the cell was
observed with a small tilt angle with respect to the substrate. The brightness state will
be acquired because the phase retardation generated from the tilted LC. In this study,
only standard cell in (a) present a pretilt angle controlled alignment.
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Figure 4.5: The pretilt angle as function of deposition time of the substrates prepared
under di↵erent (a) sputtering voltages and (b) ion beam current. Symbols are the exper-
imental data and lines are the predicted pretilt angles from Eq. 4.6 by using coe cients
C1 = 0.047 deg/J and Vsth = 333 V.
served by using POM.
According to the above-mentioned di↵erent alignment behaviours4, the two main
parameters of the pretilt angle control are: (1) Fe2O3/Cr2O3 on polyimide and (2)
oblique deposition.
4.3.3 Pretilt angles under various sputtering conditions
To get more insight into the sputtering process, we studied the relations between
the pretilt angles and various sputtering conditions, including sputtering voltages
Vs and ion beam currents Iion. Moreover, this study can help us to shorten the
deposition time which is very important to improve the fabrication productivity in
the LCD industry. In this section, several sets of cells were prepared for three di↵erent
sputtering voltages Vs = 420, 560 and 700 V and two di↵erent ion beam currents
Iion = 3 and 5 mA, respectively.
Figure 4.5 shows that the pretilt angle was proportional to the deposition time,
either for various sputtering voltages or ion beam currents. The higher pretilt angle
always corresponds to the higher sputtering voltage Vs = 700 V and ion beam current
Iion = 5 mA. In an attempt to determine the relation between pretilt angle and various
sputtering conditions, the concept of the electric potential energy UE was introduced.
We will use the electric potential energy as a bridge to connect the pretilt angle and
various sputtering conditions.
4In fact, for each kind of samples, we prepared and observed many cells with various deposition
times. But no dependence of the pretilt angle control on the pretilt angle was found. Therefore, we
only show three examples in this Sec. 4.3.2.
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Sputtering electric potential energy UE
As shown in Fig. 4.1b, the black solid line is the electric potential distribution at
di↵erent heights in the plasma sputter chamber [22]. The red dashed line is the
linearly simplified electric potential distribution in four regions. The electric potential
distribution shows that the argon ion on the boundary between region I & II is in a
local maximum of the electric potential close to the target. It means that the argon
ions will accelerate within region I. Thus, the sputtering electric potential energy UE
can be written as
UE =
Z L
0
q E(z) dz =
Z L
0
i(z) td E dz (4.1)
where E is the electric field , td is the deposition time which is equal to the sputtering
time, L is the length of region I, q is the total amount of argon ions sputtering the
target during the deposition process, and i(z) is the current distribution at the height
z in the chamber. The electric field E and the current distribution i(z) can be written
as
i(z) = Iion e
 z/l, E =
(Vs   Vsth)
L
(4.2)
where Vs and Iion are the sputtering voltage and ion beam current, Vsth is the sput-
tering threshold voltage which is the voltage di↵erence between the cathode and the
boundary between region I & II (see Fig. 4.1b)5, L is the length of region I which is
comparable to the mean free path l. 6 The relation between the sputtering electric
potential energy and the sputtering conditions (Eq. 4.1) can be derived as
UE = UE,0 (Vs   Vsth) Iion td (4.3)
where UE,0 is a constant which will be used to normalize the electric potential energy
UE in Fig. 4.6b. Here, the problem is how to obtain the value of Vsth.
Sputtering threshold voltage Vsth
Sputtering Threshold Voltage Vsth can be estimated by examining the relation be-
tween the sputter machine parameters, sputtering voltage Vs and ion beam current
Iion. In the sputter chamber, the current density distribution J(z) can be written as
[27]
J(z) = (
n f(z)   q2
2m vthermal
) E (4.4)
where n is the number of molecules per unit volume and f is the number of free
electrons per molecule, each molecule is characterized by a charge q and a mass m,
5Here we called “sputtering threshold voltage” and noted it as Vsth for distinguishing from the
threshold voltage Vth which will be discussed in Ch. 6 and 7.
6According the operating pressure P⇠ 0.1 torr, the electron mean free path can be estimated to
be c.a. 1 mm.
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Figure 4.6: (a) The ion beam current as function of sputtering voltage at four di↵erent
chamber pressures. Here Vsth = 333 ± 13 V. (b) The experimental result of the pretilt
angle as function of the sputtering electric potential energy. We can obtain C1 = 0.047
in Eq. 4.6 by determining the slope of the fitting line.
  is the mean free path, vthermal is the thermal velocity, and E is the electrical field
which can be derived as E = (Vs Vsth)/L. Based on the above equation, the relation
between the current Iion, the chamber pressure P , and the sputtering voltage Vs can
be derived as
Iion / P (Vs   Vsth). (4.5)
As shown in Fig. 4.6a, by fitting the Iion-Vs curves for four di↵erent chamber pressures
P , we obtained Vsth = 333± 13 V.
After the determination of Vsth, we return to the beginning observation of the
relation between the pretilt angle and sputtering conditions As shown in Fig. 4.6b, by
expressing UE as a function of Vs and Iion (Eq. 4.3), the experimental results show
that the pretilt angle is perfectly proportional to the normalized sputtering electric
potential energy. In Fig. 4.6b, di↵erent sputtering conditions are presented as di↵erent
colors and shapes. Furthermore, based on the analyzed experimental results and Eq.
4.3, the pretilt angle can be approximated as
✓p = C1 Iion (Vs   Vsth) td (4.6)
where C1 = 0.047deg/J is a constant which can be derived from the slope in Fig.
4.6b. In this equation, the sputtering threshold voltage Vsth depends on the design
and the structure of the sputtering machine. It can be obtained directly from the
Iion-Vs curve of the sputtering machine (see Fig. 4.6a). The constant C1 is the only
fitting parameter in the pretilt angle experiment.
As shown in Fig. 4.5, the predicted pretilt angles which are derived by using Eq.
4.6 (lines) are in perfect agreement with the experimental results (symbols) by using
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the fitting parameter C1 = 0.047 deg/J. Therefore, according to Eq. 4.6, for a cell with
the same pretilt angle ✓p, a shorter deposition time td can be achieved by applying a
high sputtering voltage Vs and ion beam current Iion for the Fe2O3/Cr2O3 thin film
deposition process.
4.4 Conclusion
In this chapter, we demonstrated that the single-domain pretilt angle could be con-
trolled by an obliquely deposited Fe2O3/Cr2O3 thin film on a PI-coated ITO sub-
strate. Pretilt angles between 0  and 45  were obtained by finely tuning the Fe2O3/Cr2O3
deposition time and sputtering conditions. The two main mechanisms of the pretilt
angle control were found as: (1) Fe2O3/Cr2O3 on polyimide and (2) oblique deposi-
tion. Furthermore, the relation between the pretilt angle and the sputtering conditions
was derived and investigated. We found that to get a higher fabrication productivity,
a shorter deposition time can be achieved while we apply a higher sputtering volt-
age and ion beam current. Since sputtering is a well-known and mature technique,
these results present a simple and practical solution to achieve a precise control of
the pretilt angle in LC devices.
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CHAPTER 5
LC Alignment Surface Investigations
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5.1 Introduction
Surface alignment layers play an major role in liquid crystal displays (LCDs). As
introduced in Sec. 2.3.5, many surface studies have focused on new liquid crystal (LC)
alignment layers and their alignment mechanisms. In Ch. 4, we have demonstrated
how to control the pretilt angle precisely with an obliquely deposited Fe2O3/Cr2O3
thin film on a polyimide-coated indium-tin-oxide (ITO) glass. The pretilt angle can be
controlled continuously between 0  and 45  by varying the Fe2O3/Cr2O3 deposition
time. However, the microscopic origin of the alignment e↵ect was still not clear.
In previous studies, several physical and chemical LC alignment mechanisms were
reported; for instance, the e↵ects of microgrooves [1–5], sp/sp2 chemical bonds [6,
7], polymer long chains [8], and the layer structure of the alignment substrate [9,
10]. It is hard to determine the LC alignment mechanism because the LC molecules
are too small (⇠nm) to control and observe individually. So, we prepared several
substrates under the same Fe2O3/Cr2O3 deposition condition. For each deposition
condition, two of the substrates were used to make an LCD cell for the pretilt angle
measurements. The rest of the substrates were used for detailed surface studies. With
this, we tried to find a correlation between the pretilt angle and the surface conditions.
Two surface investigation techniques were used: atomic force microscopy (AFM)
and X-ray photoemission spectroscopy (XPS) [11]. The AFM images show the mor-
phology on a nanometer scale which involves the surface groove structure and rough-
ness. The XPS is widely used for surface chemical quantitative analysis which can
provide information to identify the deposited material types and analyze their com-
positions [12].
In this chapter, the LC alignment e↵ects were investigated by comparing the
surface changes with the pretilt angle changes. Several aspects were taken into con-
sideration: the topography, the surface chemical nature, the chemical bond changes,
and the surface composition. The study target of each section is listed in Table 5.1.
Method Scale Observation target Section
AFM nm Topography 5.3
XPS Surface Surface chemical nature 5.4.1
(1-10 nm depth) Chemical bond change 5.4.2
Surface composition 5.4.3
Table 5.1: Surface observation methods and their observation targets in this study.
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Figure 5.1: AFM 3D image and the geometrical structure of the deposition direction
(blue arrow). It is a substrate with 60 minutes Fe2O3/Cr2O3 deposition time. The red
plane is called the alignment plane because the pretilt angle changes on this plane.
5.2 Sample and substrate
Following the preparation steps described in Sec. 3.2, the substrates were spin-coated
with a polyimide thin film and then a Fe2O3/Cr2O3 thin film was obliquely deposited
by sputtering from the stainless steel target. The sputtering voltage and ion beam
current were fixed at 560 V and 5 mA, respectively. The substrates were prepared
under various deposition times (td = 0 ⇠ 120 minutes). The surface of the substrate
was observed directly without the cell combination process as reported in Ch. 4.
5.3 Topography and roughness - AFM
The surface morphology, for instance, the surface structures and grooves, might influ-
ence the LC alignment [13, 14]. In our substrate preparation, substrates were coated
with polyimide and Fe2O3/Cr2O3 thin film, in that order. For the polyimide layer,
Pidduck et al. reported the e↵ect of the induced LC alignment by the grooves that
are created by rubbing the polymer surface [15]. For the oxide layer, Goodman et
al. reported the LC alignment to originate from the surface shape which was gen-
erated by the self-shadowing mechanism of the silicon oxide layer [16]. Both above
described LC alignment e↵ects of the polymer and oxide layer were referred to achieve
the minimum elastic energy.
The topography of the substrates were studied by using an AFM (Dimension
3100 AFM, Veeco) under the tapping mode (see Sec. 3.4.1) to investigate the relation
between morphology and the LC pretilt angle. As shown in Fig. 5.1, the scan size
is 250 nm ⇥ 500 nm with a 1 nm ⇥ 1 nm scan resolution. All the substrates were
prepared by following the standard steps as described in Sec. 3.2.2.
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Figure 5.2: AFM height images of the substrates with di↵erent Fe2O3/Cr2O3 deposition
times. “0 min” is a non-rubbed polyimide substrate.
As shown in Fig. 5.2, the PI-coated substrate (0 min) is relatively flat. As the
Fe2O3/Cr2O3 deposition time increases, the AFM image shows that the deposited
layer is not flat but characterized by a rough surface. On rubbed surfaces, the grooves
had been founded [1, 3] and the LC molecules orient along to grooves to reach the
minimum of the free energy. However, no groove was found on our PI-coated substrate
because there was no rubbing process in our sample preparation. For each deposition
time, we scanned at least three areas on the di↵erent locations of the substrates and
tried with di↵erent scan sizes to few µm, but also no groove was found on the sputtered
substrate.
According to the observation in the pretilt angle measurement (see Sec. 4.3.1),
the LC molecules were found to align in the alignment plane which is vertical to
the substrate and parallel to the deposition direction (the red plane in Fig. 5.1).
Therefore, we further studied the cross section of the alignment plane (see the red
plane in Fig. 5.1). In Fig. 5.3a and b, to get better surface information, the scale of the
z-axis is expanded. According to the surface composition study in the following Sec.
5.4.3, a 60 minutes deposited substrate is already fully covered with an Fe2O3/Cr2O3
layer. However, no directional surface structures or specific shapes appeared on the
deposited substrate (see Fig. 5.3b).1 So far, it seems that there are no grooves or
surface structures which can influence the LC molecules on our substrate.
Furthermore, we analyzed the roughnesses of these surfaces by using the AFM
software (nanoscope, Veeco). The roughness is calculated as the arithmetic average
1We also analyzed the slope distributions, but no geomorphologic asymmetries were found.
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Figure 5.3: Cross sections of substrates with (a) 0 minute and (b) 60 minutes
Fe2O3/Cr2O3 deposition times. The cross section comes from the alignment plane (see
Fig. 5.1). Note that because the z axis is expended to get clear surface information, the
deposition direction in (b) is not along to 30  respect to the substrate. (c) The roughness
as a function of the deposition time. (d) The pretilt angle as a function of the roughness
squared. In each deposition time, three substrates were prepared and observed. The error
estimation is the standard deviation of the roughness in three substrates.
of the absolute height of the AFM profiles (the baseline is the average height) as a
function of the deposition time. As shown in Fig. 5.3c, the roughness of the surface
profile increases with the deposition time and it saturates after 80 minutes. This
strongly correlates with the pretilt angle behavior shown in Fig. 4.4. The pretilt
angle and the surface roughness both increase with Fe2O3/Cr2O3 deposition time
and saturate after 80 minutes. More precisely, we found that the pretilt angle ✓p is
proportional to the square of the roughness Ra (✓p / R2a) (see Fig. 5.3d).
Goodman et al. reported that an obliquely deposited silicon oxide film can align LC
molecules due to the specific surface shape and structure [16]. In our case, an obliquely
deposited Fe2O3/Cr2O3 film on PI-coated substrate also aligns LC molecules. More-
over, they found a random parallel LC alignment on a silicon oxide film deposited in
a normal direction, which is similar to our finding of the vertically depositing sample
in Sec. 4.3.2. Therefore it is clear that our obliquely depositedFe2O3/Cr2O3film will
have an anisotropic surface structure that is responsible for the LC alignment, though
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we could findno grooves in our AFM studies. However, so far, we have found a clear
correlationbetween the pretilt angle and the square of the roughness. Further studies
will be needed to explain this correlation.
5.4 Surface chemical nature - XPS
Here, we used XPS (PHI-1600 from Physical Electronics, Inc.) for the elemental and
chemical state analysis. In a typical XPS experiment, X-rays irradiate the substrate
surface and the photo-emitted electrons escaping from the top surface (1⇠10 nm
depth, few electron mean free paths in the substrate) are detected. By counting the
number of electrons and measuring their kinetic energies, the chemical and electronic
state can be characterized by the peak positions of the binding energy (BE) spectrum.
The details and analysis methods of XPS were introduced in Sec. 3.4.2. For getting
a better signal in the XPS investigation, the polyimide thin film was coated on the
glass side of the ITO-glass to avoid the ITO signal.
5.4.1 Surface element overview
First, the elements were identified by the XPS spectrum, scanned as a function of
the binding energy from 0 to 1100 eV in the survey mode with a 1 eV step size. As
indicated in the yellow regions shown in Fig. 5.4a, the wide-scan XPS spectra showed
Element Orbital State
Binding Energy (eV)
Reference
in our study from literatures
O 1s 530.0 - 533.2 529.8 - 533.3 [20–30]
C 1s 284.8 284.4 - 288.5 [28–32]
N 1s 400.3 400.2 - 400.6 [28, 30]
Fe 2p3/2 711.1 706.7 - 711.5 [23, 24, 33, 34]
2p1/2 724.5 719.9 - 724.6
Cr 2p3/2 576.8 574.3 - 579.6 [25, 26, 33, 35]
2p1/2 586.7 583.5 - 588.7
Table 5.2: Binding energy comparison for di↵erent elements between experimental results
(see yellow regions in Fig. 5.1a) and data in relational references. The binding energy
was reported in a few eV range because the binding energy of the element is shifted for
di↵erent compounds. According to compare the peak position with literature data, the
compound type can be identified and showed in following sections.
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Figure 5.4: (a) XPS spectra for the substrates with di↵erent Fe2O3/Cr2O3 deposition
times. For each element, the peaks can be found with di↵erent electron configurations
in di↵erent binding energies. The peak positions of the main states of the elements (see
Table 5.2) which is used for further analysis are marked in yellow regions. (b) Polyimide
repeated unit which contains C, O, N.
that the main elements which were present on the surface for di↵erent deposition
times are carbon (C), oxygen (O), nitrogen (N), iron (Fe), and chromium (Cr). The
corresponding binding energies are listed in Table 5.2. In each element, the peaks can
be found with di↵erent electron configurations at di↵erent binding energies. Moreover,
not all peaks come from the electrons which are directly ejected by the incident
photon, for instance, C KLL and Fe LMM (see Fig. 5.4a) [36]. In this thesis, we only
chose the main states listed in Table 5.2 for a detailed quantitative analysis.
In Fig. 5.1a, the PI-coated sample (0 min) only has signals of C, N and O, which
come from the polyimide layer (see Fig. 5.4b). On the other hand, the Fe and Cr
signal only appear in the sputtering deposition substrates, which means the Fe and
Cr elements were sputtered from the stainless steel.2 To further investigate the main
peaks, we rescanned the spectra of five main peak ranges (see the yellow regions in
Fig. 5.4a) with a 0.2 eV step size.
2In the stainless steel, the rapid chromium oxidation plays an important role in the protection
layer on the surface. The iron is isolated by the protective chromium oxide layer to avoid the iron
reactions with oxygen and moisture. The compositions of a SUS 304 stainless steel target contains
mainly iron and a 18% minimum of chromium.
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Fe
First, we focused on the Fe peak signals. As listed in Table 5.3, there are several
possible Fe chemical configurations in our substrate, such as Fe metal, FeO, Fe2O3,
Fe3O4, FeCO3 and FeOOH. As shown in Fig. 5.5, the Fe 2p peak can be fitted
separately into three sub-peaks which corresponds to Fe 2p3/2 (711.1 eV), Fe 2p3/2,sat
(719.0 eV), and Fe 2p1/2 (724.5 eV). In the first step, two types of Fe (metal) and
Fe3O4 can be excluded directly because they have no satellite peak (see the middle
part in Table 5.3) which appeared in our study at 719.0 eV. More in detailed, di↵erent
Fe compounds have their specific spectrum which can be identified by the center
positions of the sub-peaks. After comparing the sub-peak positions with the literature
data (see Table 5.3), only Fe2O3 is close to our data with a low binding energy
di↵erence (| BE| = 0.2 eV). The Fe 2p peak signal belongs to Fe2O3.
Figure 5.5: The Fe 2p XPS spectrum of (a) experimental result and the summation of
fitting peaks and (b) fitting sub-peaks. The experimental Fe 2p signal contains three
peaks. According to the peak positions, they were distinguished to belong to Fe 2p3/2,
Fe 2p3/2,sat and Fe 2p1/2. Here Fe 2p3/2,sat is the satellite line of the main photoelectron
line Fe 2p3/2. More in detailed, the center positions of the peaks are located at 711.1 eV
(Fe 2p3/2), 719.0 eV (Fe 2p3/2,sat), and 724.5 eV (Fe 2p1/2). By comparing the peak
positions with literatures (see Table 5.3), we conclude that the Fe 2p peak signal belongs
to Fe2O3.
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Compound | BE|
a BE ( BE)b
Ref
Fe 2p3/2 Fe 2p3/2,sat Fe 2p1/2
This study 711.1 719.0 724.5
Fe2O3 0.2 710.9 ( 0.2) 719.3 (+0.3) -c [24]
710.9 ( 0.2) 719.4 (+0.4) - [23]
711.2 (+0.1) 719.2 (+0.2) 724.6 (+0.1) [34]
Fe (metal) no sat 706.7 ( 4.4) nod 719.9 ( 4.6) [23, 33]
706.9 ( 4.2) no 720.0 ( 4.5) [34]
Fe3O4 (Fe3+) no sat 710.8 ( 0.3) no 723.9 ( 0.6) [34]
710.8 ( 0.3) no - [23]
711.4 (+0.3) no - [24]
Fe3O4 (Fe2+) 2.6 709.0 ( 2.1) 714.9 ( 4.1) - [24]
709.5 ( 1.6) - - [23]
FeO 1.7 710.1 ( 1.0) 715.7 ( 3.3) 723.6 ( 0.9) [34]
FeCO3 1.4 710.7 ( 0.4) 715.2 ( 3.8) 724.4 ( 0.1) [34]
FeOOH 0.4 710.4 ( 0.7) 718.9 ( 0.1) 724.0 ( 0.5) [34]
710.9 ( 0.2) 719.4 (+0.4) - [23]
711.5 (+0.4) 719.7 (+0.7) - [24]
Table 5.3: Comparison of binding energy peak positions (in eV) of Fe between our
experimental data and literature results. Large binding energy di↵erence  BE ( 0.5 eV)
and no signal are marked in red. The data were separated into three rows. The top row
shows the data of our experimental results (This study) and the Fe2O3 BE literature data
which is closest to our data. The middle part is the compound without Fe 2p3/2,sat which
can be excluded in our study directly [34, 37]. The bottom part gives the compounds
having three peaks with larger  BE. All the data in this table were calibrated by the same
BE reference (C 1s) at 284.80 eV.
a  BE is the binding energy di↵erence between literature and this study.
b | BE| is the absolute average of the BE di↵erences in each compound.
c “-” indicates that the binding energy value was not provided in the literature.
d “no” means that there was no signal in this state.
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Cr
According to the analysis method reported from literature [25, 35, 38], the Cr 2p3/2
and 2p1/2 signals can be roughly fitted by a sequence of sub-peaks of the di↵erent
valence states (see Fig. 5.6). First, the presence of Cr metal could be excluded directly
because there was no Cr metal 2p1/2 peak (583.6 eV) and 2p1/2 (574.4 eV) in our
study. Furthermore, after the peak fitting, Cr3+ appears to be the main valence
state due to the high concentrations of Cr3+ 2p3/2 (93.8%) and Cr
3+ 2p1/2 (94.7%).
Comparing the Cr3+ peak positions to di↵erent compounds (see the bottom table in
Table 5.4), Cr3+ is associated to Cr2O3.
Fe2O3/Cr2O3
After the compound analysis, the deposited thin film from stainless steel sputtering
was characterized as Fe2O3/Cr2O3. To get more detailed information, the XPS can
also be used for a more quantitative analysis. The quantitative composition n can be
Compound
BE, Compositiona
Reference
Cr 2p3/2 Cr 2p1/2
Cr (metal) 574.3 0.0% 583.5 0.0% [33]
574.4 583.6 [25]
Cr3+ 576.8 93.8% 586.7 94.7% [35]
Cr6+ 579.6 6.2% 588.7 5.3% [35]
Compound
BE ( BE)b
Reference
Cr 2p3/2 Cr 2p1/2
This study 576.8 586.7
Cr2O3 576.8 (0.0) 586.5 ( 0.2) [26]
CrO2 578.3 (+1.5) 587.0 (+0.3) [26]
Table 5.4: Comparison of Cr binding energy (in eV) between our experimental data and
literature results. Large binding energy di↵erence  BE ( 0.5 eV) is marked in red. The
upper table is the fitting results from Fig. 5.6 and the normalised compositions in 2p3/2
and 2p1/2, respectively. The bottom table gives the compounds and their binding energy
information. All the data in this table were corrected by the same binding energy reference
(C 1s) at 284.80 eV.
a Composition is given by the relative areas ratio in each valence state (see Fig. 5.6).
b  BE is the binding energy di↵erence between literature and this study.
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Figure 5.6: The Cr 2p XPS spectrum of (a) experimental result and the summation of
fitting peaks and (b) fitting sub-peaks. Cr 2p signal can be roughly fitted by a sequence of
sub-peaks of the di↵erent valence states, including Cr metal, Cr3+, and Cr6+ (see upper
table in Table 5.3). Cr metal can be excluded because there is no Cr metal 2p1/2 peak
(orange dashed line at 583.6 eV). After the peak fitting, Cr3+ results as the main valence
state (blue area and red area).
obtained by the following equation
n = c
A
S
(5.1)
Here, c is a constant, A is the peak area in the XPS spectrum and S is the relative
sensitivity factor [12]. According to literature data, the XPS relative sensitivity factors
were 2.0 (Fe 2p3/2) and 1.5 (Cr 2p3/2) in relation to F 1s = 1.00 [12]. We analyzed
the Fe2O3 and Cr2O3 compositions of the substrates for di↵erent deposition times
(td = 10 ⇠ 120 min). The average of the normalized compositions was
nFe : nCr =
AFe
SFe
:
ACr
SCr
= 75% : 25% (5.2)
with a low standard deviation (⇠ 3%).
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5.4.2 Chemical bond change of polyimide
During the Fe2O3/Cr2O3 deposition process, the stainless steel pad was sputtered by
the argon ions and deposits Fe2O3/Cr2O3 on the PI-coated substrate (see Fig. 4.2a).
Meanwhile, the generated electron current or deposited Fe2O3/Cr2O3 particles may
modify the PI layer; this may cause the carbon double or triple bonds in polyimide to
change which can influence the LC alignment [6]. Thus, the possible carbon compound
changes with various deposition times needed to be further investigated.
The deconvolution of the core-level 1s spectrum of carbon (C 1s) was used to
observe the chemical bond changes of the surface polyimide in this study. The central
position of the C 1s peak is around 284.8 eV. The fine binding energy peak position
is slightly shifted depending on the di↵erent neighboring atoms (see Table 5.5). The
detected C 1s line is the superposition of sub-peaks from various carbon compounds.
Following the line of this finding, we identified the compound types and amounts
by using the peak-fitting method with the package software (XPSPEAK 4.1). In
this case, the C 1s XPS spectrum contains eight binding states (see Fig. 5.7a) which
come from the polyimide. Because the full width at half maximum of the C 1s peak
of a specific compound ranges from 0.9 to 1.2 eV [30], some carbon compound BE
Group BEa (eV) Compound BSb BEc (eV) Reference
Carbon A 284.6 H-Benzene C1 284.4 [29]
284.5 [28]
284.8 [30]
C (-C) 3(-H) C2 284.8 [30–32]
Carbon B 285.4 C 3(-C)-H C3 285.2 [32]
N-Benzene C4 285.4 [29]
285.6 [30]
C 4(-C) C5 285.4 [32]
C-Benzene C6 285.5 [29]
Carbon C 286.3 O-Benzene C7 286.2 [29]
286.4 [30]
Carbon D 288.4 N-C(-C)=O C8 288.3 [28, 29]
288.5 [30]
Table 5.5: Binding energies of the C 1s group belonging to di↵erent chemical states
related to PI.
a Binding energy we used in this study. b Binding state (see Fig. 5.4a). c Collected binding
energy from literature.
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Figure 5.7: (a) Polyimide repeated unit and the binding states of the carbon atoms
(C1-C8). (b) XPS spectra of C 1s peak before (0 min) and after (120 min) Fe2O3/Cr2O3
deposition process. The coloured lines are the peak positions of each carbon group (see
Carbon A to D in Table 5.6). The open squares are the experimental data and the black
line is the summation of peaks of four carbon groups. The line shapes and the carbon
binding energy positions do not seem to change between the polyimide substrate (0 min)
and the long Fe2O3/Cr2O3 deposition time substrate (120 min).
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Figure 5.8: The composition changes of the four carbon groups as function of depo-
sition time. The grey thick lines are the normalised compositions of polyimide nominal
stoichiometry (see Fig. 5.4a). In group carbon A (C1-C2), there are 18 carbon atoms
(51.4%). In group carbon B (C3-C6), there are 9 carbon atoms (25.7%). Group carbon C
(C7) and D (C8) both have 4 carbon atoms (11.4%). No significant composition change
was found in Carbon XPS analysis
peaks are too close to be separated by the peak fitting [28]. Therefore, eight carbon
compound types were classified into four groups, Carbon A to D (see Table 5.5).
As shown in Fig. 5.7b, the line shapes of C 1s do not seem to be changed between
the polyimide substrate (0 min) and the long Fe2O3/Cr2O3 deposition time substrate
(120 min). Furthermore, we analyzed the composition change as a function of the
deposition time for each carbon group. As shown in Fig. 5.8, there is no significant
composition change in all groups. The generated electron current and deposited
Fe2O3/Cr2O3 particles may not have enough energy to substantially alter the surface
compositions of the carbon bonds.
5.4.3 Surface composition
The pretilt angle change can be associated with the surface material change from
PI to Fe2O3/Cr2O3. Before Fe2O3/Cr2O3 deposition, the substrate was coated with
polyimide which is widely used for planar LC alignment. As the deposition time
increases, we expected that the substrate surface would be changed from polyimide
to Fe2O3/Cr2O3 with more and more Fe2O3/Cr2O3 deposited. To study the cor-
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Figure 5.9: (a) Polyimide repeat unit and the binding states of the oxygen atoms. (b)
Comparison of XPS spectra change of the O 1s peak before and after Fe2O3/Cr2O3
deposition process. The coloured lines are the peak positions of each oxygen group (see
Table 5.6). The open circles are the experimental data and the black line is the summation
of peaks of four oxygen groups. After the Fe2O3/Cr2O3 deposited (120 min), C-O-C peak
almost disappeared and Fe2O3/Cr2O3 peak increased. It showed thatmore Fe2O3/Cr2O3
covered above the PI layer after the thin film deposition from stainless steel sputtering.
relation between the pretilt angle and the surface composition, we investigated the
surface composition change by analyzing the O 1s signal which characterizes both the
Fe2O3/Cr2O3 and polyimide.
The central position of the O 1s peak is around 531 eV. The fine binding energy
peak position shifts with di↵erent neighboring atoms (see Table 5.6). The detected
O 1s line is the superposition of the sub-peaks of the various oxygen compounds.
By using the same analysis method of C 1s in Sec. 5.4.2, the compound types and
amounts could be identified by using the peak-fitting method. Some of BE peaks
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cannot be distinguished due to resolution limit. We classified the six oxygen types
into four groups, Oxygen A, B, C, and D in Table 5.6. The O 1s peak shape can be
regarded as a superposition of four di↵erent peaks (see Fig. 5.9b and Table 5.6) with
the binding energies collected from the literature [28, 30]. The Oxygen A peak can
be associated with the Fe2O3/Cr2O3 signal because based on the discussion in Sec.
5.4.1, the signals of Fe2O3 (532.9 eV) and Cr2O3 (530.3 eV) were both from stainless
steel sputtering. In contrast, the Oxygen D (C-O-C) peak can be associated with the
polyimide (O2 in Fig. 5.9a).
The intensity evolutions of the O 1s peak related to Fe2O3/Cr2O3 (Oxygen A) and
PI (Oxygen D) are plotted as a function of the deposition time in Fig. 5.10, showing
that Fe2O3/Cr2O3 reached almost 100% after 40 minutes while the PI decreased in
the same period, as expected. Comparing this composition evolution with the pretilt
angle behavior as a function of the deposition time (see Fig. 4.4), we can see that the
pretilt angle increases up to 80 minutes deposition time while the full Fe2O3/Cr2O3
coverage was reached in 40 minutes deposition time. This shows that the pretilt angle
is not simply related to the Fe2O3/Cr2O3 coverage.
Group BEa (eV) Compoundb BEc (eV) Reference
Oxygen A 530.0 Fe2O3 529.8 [20]
529.9 [21, 22]
530.0 [23, 24]
Cr2O3 530.1 [20, 21]
530.2 [25]
530.5 [26]
Oxygen B 530.9 C-O-Fe 530.9 [27]
Oxygen C 531.8 O=C (O1) 531.7 [28, 29]
532.0 [30]
Cr2O3 531.8 [25]
Oxygen D 533.2 C-O-C (O2) 533.0 [28, 29]
533.3 [30]
Table 5.6: Binding energies of the O 1s group belonging to di↵erent chemical states.
a Binding energy we used in this study. b To see O1 and O2, refer to the binding states of the
oxygen atoms in Fig. 5.6. c Collected binding energies from literature.
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Figure 5.10: The normalised compositions of the Fe2O3/Cr2O3 (Oxygen A) and poly-
imide (Oxygen D) as the function of the deposition time. The lines are the exponential
fitting results.
5.5 Conclusion
We have investigated the possible LC alignment mechanism by using two di↵erent
physical and chemical surface characterization methods which are AFM and XPS.
According to these studies, we come to the following findings:
• AFM images showed the deposited film is a roughed surface and a linear corre-
lation was observed between the pretilt angle and the roughness squared.
• The wide-scan XPS spectra indicated that the main elements which are present
on the surface for di↵erent deposition times were carbon (C), oxygen (O), ni-
trogen (N), iron (Fe), and chromium (Cr).
• After the comparison between the experimental Fe 2p3/2 and Cr 2p3/2 XPS
peaks and the data from literature reports, the deposited thin film was identified
as Fe2O3/Cr2O3 in a ratio of 75%/25%.
• No chemical bond change was found from the C 1s XPS study.
• The multi-peak fitting of the XPS O 1s peak which characterizes both the
Fe2O3/Cr2O3 and polyimide showed that the Fe2O3/Cr2O3 coverage reached
almost 100% after 40 minutes deposition time, while the pretilt angle increased
until 80 minutes deposition time.
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6.1 Introduction
Liquid crystals (LCs) are widely used for display applications because their electro-
optical properties can be easily controlled by an external electric field [1]. In liquid
crystal displays (LCDs), several specifications, such as contrast ratio, response time
and viewing angle, are very important [2–4]. To achieve better static and dynamic
performances, several typical LCD modes, such as twist nematic (TN), vertical align-
ment (VA), and in-plane switching (IPS) modes, were developed and designed with
di↵erent electrode patterns and LC alignment types [5–7]. As described in the in-
troductions of the advantages and disadvantages for each LCD mode in Sec. 2.3, no
single type of LCD is perfect for everything. Many studies have reported methods
to improve the LCD performances by designing di↵erent cell structures and electrode
patterns [8–10].
The response time is an important feature which describes the speed of the LC
rotation [11]. If the response time for going from the bright state to the dark state
is not fast enough, after the screen refreshes, the screen still shows or mixes with the
previous displayed image, which is called the ghost image e↵ect [12]. For both IPS
and VA modes (see the operating principles introduced in Sec. 2.3.2 and 2.3.3), the
response time for going from the bright state to the dark state depends on the time
it takes for the LC molecules to relax back to the initial state after switching o↵ the
driving voltage. This response speed is limited by the nature of the LC relaxation to
the initial orientation. In contrast to IPS and VA modes, in our parallel alignment
(PA) cell (see Sec. 2.2.2), the response time to go from the bright state to the dark
state can be faster by just applying a higher driving voltage.
Moreover, F S Yeung et al. and X Nie et al. reported the dependence of the static
and dynamic LC properties on the pretilt angle [13, 14]. The pretilt angle is the angle
between the substrate and the LC long axis in the surface layer. Therefore, we are
interested in how to improve the LC cell performances by preparing a cell with an
optimum pretilt angle. Based on the experimental findings, we want to find an LC
cell with better performances: a higher contrast ratio and a faster response time.1
We also aim to develop two specific LCD applications. For a reflective black and
white LCD watch, a low energy consumption and a low driving voltage can save
the battery life [15]. Therefore, we design an LC cell with a lower driving voltage
and maintaining the same response time and contrast ratio. The other specific LCD
application is a welding goggle. An auto shade LCD goggle is used to protect eyes
from the strong ultraviolet light that accompanies with a welding procedure. By
detecting the light from the welding, an auto shade LCD goggle should switch very
fast from the transparent state to the blocked state. The key point of this type LCD
is how dark and how fast can be switched to the blocked state. We found that by
preparing a cell with an optimum pretilt angle, a low transmittance at the blocking
1The viewing angle dependence is investigated in Ch. 8 by preparing a multi-domain LC cell.
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state and a fast switching time can be achieved for applying the same driving voltage.
In this chapter, we used the previously presented pretilt angle control (see Ch. 4)
to investigate the dependence of the static and dynamic LC properties on the pretilt
angle. In studies of static LC properties, the contrast ratio and the threshold voltage
was measured and discussed, in Sec. 6.3.1 and 6.3.2, respectively. In studies of the
dynamic LC properties in Sec. 6.4, we discovered how to achieve a faster response
time by designing a cell with an optimum pretilt angle. According to the experimental
results, we found an optimum pretilt angle for a better performance LCD. In addition,
for the specific applications, a low driving voltage LCD and an extremely fast blocking
speed were demonstrated in Sec. 6.5.1 and 6.5.2, respectively, for cells with suitable
pretilt angles.
6.2 Sample and experimental details
Samples were prepared following the pretilt angle control method described in Sec.
3.2. In this Ch. 6, the sputtering voltage and ion beam current were fixed at 560 V and
5 mA, respectively. Several samples were prepared under various Fe2O3/Cr2O3 depo-
sition times to obtain corresponding LC pretilt angle substrates. Two Fe2O3/Cr2O3-
deposited substrates were combined as an anti-parallel alignment cell and sandwiched
with Mylar thin film or glass ball spacers. All of the empty cells were filled with 4’-
n-pentyl-4-cyanobiphenyl (5CB, Merck) at 60 C and annealed to room temperature.
All the static and dynamic LC properties were studied by using the electro-optical
measurement setup introduced in Sec. 3.3.3.
Fig. 6.1a shows a parallel alignment (PA) mode LCD, sandwiched between a pair
of crossed polarizers. In the bright state, the LC molecules align parallel or tilted
to the substrate with a pretilt angle ✓p < 45 . By applying a vertical external
electric field and using a positive dielectric anisotropy LC, the LC director reorients
to close to 90  to reach the dark state. Therefore, the bright and dark states are
switched by applying 0 V and a high enough driving voltage, respectively. The relation
between the transmittance, the phase retardation, and the LC director was detailedly
introduced in Sec. 2.2.2. For cells with di↵erent cell thicknesses, the transmittance
of the dark state does not change because no phase retardation can be generated
while the LC molecules are perpendicular to the polarizers. However, in the bright
state, the transmittance changes for di↵erent cell thickness because of the thickness-
dependent phase retardation. Figure 6.1b shows the transmittance of the bright state
as a function of the cell thickness for a cell with 0  pretilt angle. For zero cell thickness,
no phase retardation can be generated (   = 0) which means that the transmittance
is dark (T = 0). With increasing cell thickness, the transmittance will increase to
the maximum (T = 1) while the phase retardation goes to    = ⇡. However, with
further increasing cell thickness, the transmittance will decrease to T = 0 while the
phase retardation goes from    = ⇡ to    = 2⇡. To design a 0  pretilt angle cell
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Figure 6.1: (a) Schematic representation of the bright and the dark states for a PA mode.
(b) The transmittance as a function of the cell thickness for a 5CB cell with a 0  pretilt
angle. (c) The cell thickness to reach a phase retardation    = ⇡ in the bright state as
a function of the pretilt angle.
with the bright state at    = ⇡, the cell thickness has to be controlled at 1.83 ±
0.26 µm for reaching at least 95% transmittance of the bright state (red dashed line
in Fig. 6.1b). Moreover, for cells with di↵erent pretilt angles to have a bright state
at    = ⇡, the corresponding cell thickness was calculated by Eq. 2.2 and shown in
Fig. 6.1c.
In general, for a cell which is sandwiched with commercial spacers, the cell thick-
ness can be controlled by choosing a specific spacer thickness; for instance 4, 6, and
12 µm. However, in our case, thicknesses of LC cells with di↵erent pretilt angles had
to be controlled more precisely. For instance, cells with 10  and 30  pretilt angles had
to be prepared with 1.87 and 2.57 µm cell thicknesses for reaching the ⇡ phase retar-
dation in the bright state. To overcome the problem of the finite thickness control,
as shown in Fig. 6.2a, a wedge cell was prepared by sandwiching a dm thick spacer
on one side and no spacer on the other side of the cell. As the experimental setup
shown in Sec. 3.3.3, the transmittance of a cell was measured by using a He-Ne laser,
being a backlight in an LCD. Therefore, in a wedge cell, the specific cell thickness dl
can be found by just shifting the laser measured position (y-axis in Fig. 6.1a). To
measure the LC properties in a uniform thickness area, the laser beam was focused
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Figure 6.2: Cell structure and measured size. (a) Schematic diagram of the wedge cell
and focused laser beam. dm indicates the thickness of the mylar spacer, which dl indicates
the cell thickness at the laser spot. (b) Dimensions of the cell and the beam size.
to a small spot size ⇠ 0.2 mm (the red spot in Fig. 6.2b). For a cell with 4 µm spacer
on one side, the accuracy of the cell thickness is ± 0.03 µm in the laser spot region.
Moreover, for a wedge cell and a standard parallel cell under the same cell preparation
condition, their pretilt angles and voltage-dependent phase retardation curves were
measured The LC alignment e↵ects for both types cells were identical.
6.3 Static studies
First, the studies are focused on the dependence of the static LC properties on the
pretilt angle with two subjects, the contrast ratio and the threshold voltage, by mea-
suring and analyzing the voltage-dependent transmittance. Fig. 6.3a presents the
transmittance as a function of the driving voltage for cells with di↵erent pretilt an-
gles. All cells were designed to have the correct cell thickness (Fig. 6.1c) to reach
the phase retardation of ⇡ in the bright state. The transmittance decreases with
increasing driving voltage from the maximum T = 1 to the minimum T = 0. The
experimental results roughly demonstrate that the bright and dark states of LC cells
with di↵erent pretilt angles all can be switched between 0 V and 15 V, respectively.2
6.3.1 Contrast ratio
The contrast ratio is an important LCD property defined as the ratio of the transmit-
tance of the bright state relative to that of the dark state. An LCD with a good and
2Because the performances of our cell have to be compared with the other LCD modes, we choose
a 15 V driving voltage which is in the voltage range commonly used in a large size LCD (10 ⇠ 20
V) [8].
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Figure 6.3: (a) The transmittance as a function of the driving voltage for the cells with
di↵erent pretilt angles. (b) The transmittance of the dark state in the high driving voltage
region.
Figure 6.4: The contrast ratio of the cells with di↵erent pretilt angles. Here the driving
voltage is applied between 0 V and 15 V for the bright and the dark states, respectively.
proper contrast ratio can present more image details, especially in the brightest and
the darkest regions. In this thesis, the contrast ratio CR is defined in the following
way:
CR =
Tbright
Tdark
=
T (0 V)
T (Vd)
(6.1)
where Tbright is the transmittance of the bright state which is the initial state with
no driving voltage (0 V). Tdark is the transmittance of the dark state while a high
driving voltage Vd is applied.
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Figure 6.5: The phase retardation change as a function of the driving voltage for the
cells with (a) low (1 ) and high (22 ) pretilt angles. (b) Zoomed figure of (a) in the low
driving voltage region and the definition of the threshold voltage for a cell with a high
pretilt angle. (c) The threshold voltage as a function of the pretilt angle.
6.3.2 Threshold voltage
For a cell with a pretilt angle of 1  in Fig. 6.2a, the phase retardation does not change
before a certain threshold voltage is reached.3 In other words, the threshold voltage
is the minimum voltage to start to rotate the LC molecules. This threshold voltage
can be derived from the Freedericksz transition threshold voltage Vth [16]
Vth = ⇡
r
K1
✏0 ✏
(6.2)
where K1 is the splay elastic constant and the  ✏ is the dielectric anisotropy of the
LC. According to this equation, in our case for 5CB with K1 = 6.1 ⇥ 10 12 N [17]
3The threshold voltage is determined by analyzing the phase retardation curve, instead of the
transmittance curve. For instance, in order to measure the pretilt angle precisely in Ch. 4, a cell was
prepared with a thicker cell thickness of 23 µm. In this cell, the phase retardation goes from 0 to ⇠12⇡
while a driving voltage switches from a high enough voltage to 0 V. Meanwhile, the transmittance
curve decreases and increases while the phase retardation goes through odd and even ⇡. Therefore,
analyzing a voltage-dependent phase retardation is a better method to find the threshold voltage.
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and  ✏ = 10 [18], the threshold voltage is calculated as 0.83 V, which is in agreement
with the data in Fig. 6.2a.
In a planar cell, the threshold voltage can be clearly defined as the turning point
where the phase retardation abruptly changes. However, in Fig. 6.5a, for a cell with
high pretilt angle (green line), a flat area and a clear turning point in the phase
retardation could not be found. F S Yeung et al. reported a similar finding that
the LC threshold voltage no longer exists for a cell with a nonzero pretilt angle [13].
Moreover, they defined and measured the threshold voltage of a cell with a high pretilt
angle by observing the transmittance change while a driving voltage is applied. Before
the threshold voltage, it takes a few minutes for the change of the transmittance. By
applying a driving voltage which is slightly higher than the threshold voltage, the
transmittance changed in a few seconds or less. However, this threshold voltage
measurement method and definition are improper because the experimental result
can be influenced by the increasing step of the driving voltage and the waiting time
to determine the change of the transmittance.
Fig. 6.5b is a zoomed figure of Fig. 6.5a in a low driving voltage region. The phase
retardation decreases smoothly at the onset of increasing driving voltage (< 0.5 V);
and then the phase retardation decreases rapidly. When the driving voltage is higher,
the slope of the phase retardation decreases again (see the high driving voltage region
in Fig. 6.5a). This threshold-like behavior in the voltage-dependent phase retardation
still appears. Therefore, as shown in Fig. 6.5b, we defined the threshold voltage as
the cross point from the line of the maximum slope of the curve to the level of the
initial phase retardation    = ⇡.
The threshold voltages for cells with di↵erent pretilt angles are plotted in Fig.
6.5c, showing that the threshold voltage decreases with increasing pretilt angle. The
threshold voltage is an important parameter which influences the LC static and dy-
namic properties [13, 19]. A lower threshold voltage means that a lower driving
voltage is needed to start to rotate the LC molecules. It is the reason why, under the
same driving voltage of 15 V, a lower transmittance was found in a cell with a higher
pretilt angle (see the red vertical dashed line in Fig. 6.3b).
6.4 Dynamic Studies
Motion blur is a well-known problem for LCDs which is due to the fact that the optical
response does not change rapidly enough when the image changes to the next frame.
The response time is a standard specification to indicate how quickly the image can
be changed on LCDs. Two of the important dynamic parameters, turn on time ton
and turn o↵ time toff , were investigated. The turn o↵ and turn on times are defined
as the optical response time for the change of the transmittance from 10% to 90%
and 90% to 10%, respectively.
In a PA cell, the bright and dark states are operated between 0 V and Vd driving
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Figure 6.6: Turn o↵ time. The time dependent transmittance for di↵erent driving volt-
ages for the cells with (a) 1  and (b) 27  pretilt angle. The driving voltage was turned
o↵ from 15 V to 0 V at time t = 0. (c) The dependence of the turn o↵ time on the
pretilt angle.
voltage, respectively. When the driving voltage is “switched o↵” from Vd to 0 V, the
LCD “switches on” from a dark state to a bright state (see Fig. 6.6a and b). On
the other hand, when the driving voltage is “switched on” from 0 V to Vd, the LCD
“switches o↵” from a bright state to a dark state (see Fig. 6.7a and b). Note that,
in this thesis, the turn on and turn o↵ times are measured from the real-time optical
response; but the words, turn on and turn o↵, are related to describe the behavior of
the driving voltage switching, instead of the optical switching.
6.4.1 Turn o↵ time
As shown in Fig. 6.6a and b, the driving voltage was switched o↵ from di↵erent Vd to
0 V at t = 0 of cells with 1  and 27  pretilt angles, respectively. First of all, for the
cell with a 1  pretilt angle, the transmittance did not increase from T = 0 for a 5 V
driving voltage (see the black curve in Fig, 6.6a) because the initial driving voltage
is not high enough to keep the director of the LC molecules close to 90 . For the cell
with 27  pretilt angle (see Fig. 6.6b), the transmittance of the initial dark state was
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closer to T = 0 than for the cell with a 1  pretilt angle. For a cell with a higher pretilt
angle, a lower threshold voltage allows the LC molecules to rotate closer to 90  which
results in a lower transmittance.
The turn o↵ time was measured by switching o↵ the driving voltage from 15 V to 0
V and plotted in Fig. 6.6c. For a cell with a pretilt angle less than 30 , no dependence
of the turn o↵ time on the pretilt angle was found. For a cell with a pretilt angle
larger than 30 , the turn o↵ time increased with pretilt angle increasing. This pretilt
angle e↵ect of the turn o↵ time will be theoretically discussed in Sec. 7.5.
In the static LC studies of Sec. 6.3.1, we found that a cell with a higher pretilt
angle (✓p > 20 ) had a better contrast ratio (see Fig. 6.4) than a cell with a lower
pretilt angle (✓p > 5 ). To get a better contrast ratio and keep a similar turn o↵ time,
the LCD should be designed with a ⇠25  pretilt angle. As the experimental result of
Fig. 6.6c shown, the turn o↵ times of cells with 1  and 27  pretilt angles were very
close being, 9.1 ms and 8.4 ms, respectively.
6.4.2 Turn on time
As shown in Fig 6.7a and b, the driving voltage was switched on from 0 V to di↵erent
Vd of cells with 1  and 27  pretilt angles, respectively. As the discussion of the turn
o↵ time in previous Sec. 6.4.1, for the cell with a 1  pretilt angle, the transmittance
did not decrease to T = 0 with a 5 V driving voltage (see the black curve in Fig, 6.7a)
because the driving voltage is not high enough to rotate the LC molecules close to
90 . For the cell with a 27  pretilt angle in Fig. 6.7b, the transmittance of the dark
state was closer to T = 0 than the cell with a 1  pretilt angle because of the lower
threshold voltage.
The turn on time was measured by switching on the driving voltage form 0 V to
15 V and plotted in Fig. 6.7c. The turn on time decreases for decreasing pretilt angle
until ⇠25 ; and then it increases for a cell with a higher pretilt angle larger than ⇠25 .
This pretilt angle e↵ect of the turn on time will be theoretically discussed in Sec. 7.5.
In the previous section 6.4.1, we mentioned that a cell with a ⇠ 25  pretilt angle has
good performances; in Fig. 6.7, a cell with a ⇠ 25  pretilt angle also has the fastest
turn on time. The turn on time for a cell with a 27  pretilt angle (ton = 0.15 ms) is
three times faster than the turn on time for a cell with a 1  pretilt angle (ton = 0.47
ms).
In summary, a cell with ⇠ 25  pretilt angle is the best choice for a general LCD
application. We listed a table to compare the static and dynamic LCD properties for
cells with 1  and 27  pretilt angles (see Table 6.1). To obtain a higher contrast ratio
larger than 500, a higher driving voltage of 25 V is applied to a cell with a 27  pretilt
angle. According to the experimental results of static and dynamic LCD properties,
a better performances LCD can be achieved by designing an LC cell with a higher
pretilt angle (✓p ⇠25 ).
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Figure 6.7: Turn on time. The time dependent transmittance for di↵erent driving voltages
for the cells with (a) 1  and (b) 27  pretilt angle. The driving voltage was switched on
to 15 V at time t = 0 s. (c) The dependence of the turn on time on the pretilt angle.
LCD property
1  27  27 
(0V/15V) (0V/25 V)
Contrast ratio 63:1 116:1 535:1
toff (ms) 9.1 8.4 9.3
ton (ms) 0.47 0.15 0.05
Table 6.1: Comparison of the static and dynamic LCD properties for cells with 1  and
27  pretilt angles. Here the general bright and dark state of LCDs were operated between
0 V and 15 V, respectively. For a higher contrast ratio (>500), the bright and dark state
of LCDs were operated between 0 V and 25 V, respectively.
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Figure 6.8: The driving voltage of the dark state to achieve a contrast ratio of 100 for
the cells with di↵erent pretilt angles.
6.5 Specific LCD applications
6.5.1 Low driving voltage
To achieve an energy saving LCD, it is a fundamental requirement to keep driving
voltages as low as possible and maintain all the other performances [15]. In Sec. 6.3.1,
the experimental results showed that a cell with a higher pretilt angle has a higher
contrast ratio by applying 0 V and 15 V driving voltages to reach bright and dark
states, respectively. On the other hand, lower driving voltages may be required to
reach the same contrast ratio for a cell with a higher pretilt angle.
To find the driving voltage dependence on the pretilt angle, we set the bright and
dark states operating at 0 V and Vd driving voltages, respectively, to just reach a
standard contrast ratio CR = 100 of a typical IPS mode. The transmittance of the
bright state is set as T = 1; so, to reach CR = 100, the transmittance of the dark
state is T = 0.01 (see the black dashed line in Fig. 6.3b). The driving voltages to
the dark state with di↵erent pretilt angles are plotted in Fig. 6.8. The experimental
results showed that the driving voltage of the cell with a high pretilt angle (12.9 V)
is two times lower than a cell with a low pretilt angle (18.2 V). In the turn on and
turn o↵ times studies (Sec. 6.4), we found that a cell with a very high pretilt angle
(< 30 ) has slow turn on and turn o↵ times (see Fig. 6.6c and 6.7c). Therefore a cell
with 27  pretilt angle was chosen to compare the driving voltage and the dynamic
performances with a 1  pretilt angle cell. The LCD properties between these two cells
are listed in Table 6.2. First, the driving voltage to reach a standard contrast ratio
CR = 100 of the 27  pretilt angle cell (13.5 V) is lower than of the 1  pretilt angle cell
(18.2 V). The turn o↵ times of the cells with 1  and 27  pretilt angles were measured
by switching o↵ the driving voltage from 18.2 V and 13.5 V, respectively. The turn
on times of the cells with 1  and 27  pretilt angles were measured by switching on the
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Low driving voltage LCD Property 1  27 
Driving voltage (V) 18.2 13.5
toff (ms) 9.2 8.3
ton (ms) 0.30 0.18
Table 6.2: Comparison of LCD static and dynamic properties for cells with 1  and 27 
pretilt angles. Here the bright and dark state of LCDs were operated between 0 V and
15 V, respectively.
driving voltage from 0 V to 18.2 V and 13.5 V, respectively. As the measured LCD
properties shown in Table 6.2, to design a low driving voltage LCD, the LCD should
be designed with a 27  pretilt angle which still has the similar turn o↵ and turn on
times as a cell with 1  pretilt angle
6.5.2 Faster response time
An important application for an LCD with a fast response time is in the area of
eye protection during welding [20]. For this purpose, auto shade goggles have been
developed to improve the shortcoming of traditional fixed UV filter plates that are
too dark to see the environment when the welding apparatus is o↵. By detecting the
light strength from the welding, an auto shade goggle switches automatically from a
transparent (bright) state to a blocked (dark) state by working as an LCD to block its
backlight. Two key points of this goggle are a suitable shade number (transmittance
of the blocking state) and a fast switching time at the onset of a welding process. For
instance, a commercial auto shade goggle (Grand GDS, Balder) has a switch-on time
of 0.15 ms [21].
In the contrast ratio study of Sec. 6.3.1, by switching on the driving voltage to 25
V, a cell with a high (27 ) pretilt angle has a low transmittance of a dark state (0.18%).
By following the daily maximum permissible UV exposure of 3000 µW/cm2·s, for a
welding worker with this 99.91% blocking goggle4, they can work 80 minutes per day
with a 700 µW/cm2 argon-shielded metal inert gas welding for 1 m far distance [22].
In the LC dynamic studies of Sec. 6.4.2, we found that a cell with a ⇠25  pretilt
angle had a fast turn on time of 0.18ms which is comparable to the commercial value.
In general, the definition of a turn on time is defined as a time for a transmittance
change from 90% to 10%. However, as shown in Fig. 6.9a, after the driving voltage
is applied at t = 0, there is a time delay of the response of the transmittance from
4The first polarizer at least blocks 50% light intensity from an unpolarised light source, so the
passed light intensity is 0.09%.
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Figure 6.9: (a) The turn on transmittance (black line) and the driving voltage (red
line). The driving voltage was switched on at time t = 0 s. (b) Turn on time of the
transmittance change from 100% to 10% for the cells with 1  and 27  pretilt angle.
100% to 90%. The long time delay was found especially in a cell with a lower driving
voltage and a lower pretilt angle (see Fig. 6.7a and b). This e↵ect can not be ignored
for a welding goggle, because the time delay appears at the highest light intensity
region (T = 90 ⇠ 100%) which can cause severe eye damage. Therefore, in this Sec.
6.5.2, we redefined the turn on time as a transmittance change from 100% to 10%
and called it “blocking time.”
As shown in Fig. 6.9b, the blocking time of a cell with a 27  pretilt angle is always
at least five times faster than a cell with a 1  pretilt angle. Moreover, by giving a
30 V driving voltage, the strong light can be blocked very fast (60 µs).5 Therefore, a
high blocking (> 99.91%) and fast response (60 µs) welding google can be designed
by preparing an LC cell with a ⇠25  pretilt angle and a 30 V switching voltage.
6.6 Conclusion
Using our new pretilt angle control, the dependence of the static and dynamic LC
properties on the pretilt angle was investigated. According to the experimental re-
sults, to operate an LCD with the same driving voltage, we come to the following
conclusions:
• A cell with a higher pretilt angle has a higher contrast ratio. This is because a
lower threshold voltage was found in a cell with a higher pretilt angle.
• For a cell with a pretilt angle larger than 30 , the turn o↵ time increases with
increasing pretilt angle; for a cell with a pretilt angle less than 30 , no pretilt
angle dependence of the turn o↵ time is found.
5The limited voltage response of our voltage amplifier is ⇠10 µs.
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• The turn on time decreases for a cell with a higher pretilt angle until ⇠25 ; and
then the turn on time increases for a cell with a higher pretilt angle larger than
⇠25 .
According to the above findings, a cell with a 27  pretilt angle has an optimal LCD
performance as listed in Table 6.1.
If we design a low driving voltage LCD while keeping the same contrast ratio,
a driving voltage of a cell with a higher pretilt angle (✓p > 20 ) is lower than for
a cell with a lower pretilt angle (✓p ⇠ 0 ) with the same response time. Moreover,
a cell with a high pretilt angle can be switched fast (⇠ 60 µs) from 100% to 10%
transmittance for a welding goggle application.
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CHAPTER 7
Numerical Investigation of the LC Switching Dynamics
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7.1 Introduction
In Ch. 6, we demonstrated that a high liquid crystal display (LCD) performance,
such as a high contrast ratio and a fast response time, can be achieved by preparing
a parallel alignment (PA) cell with a proper pretilt angle. To find the corresponding
pretilt angle for the best LCD performance, the dependence of the performance on
the pretilt angle was investigated by making and examining a series of test liquid
crystal (LC) cells. Actually, a reliable theoretical analysis would be an easier method
to predict the most suitable cell parameters for the best LCD performance.
Some literature reports also investigated the dependence of LCD performances
on the pretilt angle via an experiment and a theoretical analysis [1, 2] However, so
far, LCD performances can only be theoretically studied by computer simulations
or by calculation methods using a small angle approximation [3–5]. Therefore, the
experimental results can only accurately be confirmed by computer simulations; but
the simulation results can not intuitively explain the LC properties.
In this chapter, a new improved calculation method will be presented which can
predict the static and dynamic LC director distribution for a wide variety of PA cells.
In Sec. 7.3, the correctness of our calculation method was confirmed by comparing
the calculation results of the LC director distribution with simulation results. In Sec.
7.4, the calculated LC director distribution was transformed to a phase retardation
to be compared with the experimental phase retardation. In Sec. 7.5, for the dynamic
studies, the relaxation time of the LC director is presented first and then expressed
in terms of the phase retardation. The same has been done for the rise time. All the
calculations regarding the phenomena investigated in Ch. 6 show excellent agreements
with the experiments.
7.2 From LC to LCD
In most LCDs, the brightness (transmittance) of the pixels is controlled via the LC
electro-optical properties [6, 7]. LC molecules can be easily reorientated by the balance
between a surface alignment and an external electric field [8, 9]. For two extreme cases
of a PA cell with a 0  pretilt angle, all LC molecules align parallel or perpendicular
to the substrate at 0 V and a high enough driving voltage, respectively (see Fig. 7.1a
and c). As shown in Fig. 7.1b, under a pair of crossed polarizers oriented 45  with
respect to the surface alignment direction, the LC cell presents bright and dark states
at 0 V and a high enough driving voltage, with a phase retardation of    = ⇡ and
   = 0, respectively [10]. The optical response and the operating principle of the PA
mode were explained in detail in Sec. 2.2.3.
The phase retardation    can be derived from the integration of the birefrin-
gence e↵ect over the whole LC layer and depends on the LC director distribution:
   =
R 0
d  neff (✓) k dz. In a PA cell, the transmittance depends on the phase retar-
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Figure 7.1: From LC to LCD. The schematic representation of a PA cell in (a) side
view and (b) top view. (c) LC director distributions for di↵erent driving voltages. (d)
Phase retardation (green dashed curve) and transmittance (blue curve) as a function of
the driving voltage.
dation which follows from T = sin2(  /2). So the transmittance of a PA LCD can
be controlled by changing the LC director distribution by applying di↵erent driving
voltages (see Fig. 7.1c and d). Therefore, to calculate the transmittance of an LC
cell, the first step of the theoretical study is to find out the relation between the LC
director distribution and the cell conditions, such as the pretilt angle and the driving
voltage.
For both the simulations and the calculations, the LC director distribution can be
derived by finding the minimum of the LC distortion and electric free energies (see
Sec. 2.2.3). Based on a PA cell structure of Fig. 7.1a, the LC director distribution
✓(z) can be derived following the time-dependent Ericksen-Leslie’s equation where
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back-flow and inertial e↵ects are neglected:
 
K1 sin
2 ✓ +K3 cos
2 ✓
  @2✓
@z2
+ (K3  K1) sin ✓ cos ✓
✓
@✓
@z
◆2
+ ✏0 ✏E
2 sin ✓ cos ✓ =  
@✓
@t
(7.1)
where K1 and K3 are the splay and bend distortion constants, respectively,  ✏ is the
LC dielectric anisotropy, E is the external electric field which is perpendicular to the
substrate, and   is the rotational viscosity. The LC director ✓(z), also called LC tilt
angle, is defined as the angle between the LC long axis at position z and the substrate
plate (see z-axis in Fig. 7.1a).
7.3 Static studies - LC director distribution
Now we will demonstrate how to obtain the LC director distribution by solving the
above partial di↵erential equation via a computer simulation, an existing calculation
method with a small angle approximation and our new calculation method.
7.3.1 Simulation
A simulation is a good and reliable method to investigate LC properties with ad-
justable cell conditions, by numerically solving the free energy equation. Here we
used a finite element method (FEM) package software named Multiphysics (COM-
SOL Multiphysics) to numerically solve the Ericksen-Leslie’s equation (Eq. 7.1). The
values of the 5CB LC constants are listed in Table 7.1 at the end of this chapter.
In a PA cell, the boundary condition was restricted to the pretilt angle ✓(z) = ✓p
at z = 0 and at z = d, under a strong anchoring strength assumption. Here d is
the thickness of the LC layer, also called the cell gap. To design a PA cell operating
between dark state at    = 0 and bright state at    = ⇡, the LC thickness has to be
controlled well for reaching    = ⇡ in the initial state without any driving voltage.
Therefore, di↵erent LC thicknesses d were used for cells with di↵erent pretilt angles
✓p (see Fig. 6.1c).
As the curves shown in Fig. 7.2a and b, by applying a driving voltage, the LC
molecules are reoriented into the direction of the external electric field (✓ = 90 ) in
the center of the cell and this orientation gradually changes to the surface alignment
direction (✓ = 0 ) at both boundaries. The LC molecules in the center of the cell
can easier be reoriented because they are far from both substrates. At a higher
driving voltage, the LC molecules prefer to align close to 90 . It is also possible to
simulate cells with nonzero pretilt angle boundary conditions. Fig. 7.2c and d give the
LC director distributions of cells with di↵erent pretilt angles under a 1.5 V driving
voltage.
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Figure 7.2: Simulation results. (a) The LC director distribution and (b) the schematic
LC orientation distribution under di↵erent applied voltages for a cell with a 0  pretilt
angle. (c) The LC director distribution and (d) the schematic LC orientation distribution
for di↵erent pretilt angles under a 1.5 V applied voltage. (e) Comparison between the
phase retardation curve of the simulation results and the experimental data.
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The reliability of the simulation result can be examined by comparing it with the
experimental data. As shown in Fig. 7.2e, the simulated phase retardation curves
(dashed lines) of cells with di↵erent pretilt angles are in good agreement with the ex-
perimental date (solid lines). This simulation is therefore a good and reliable method
for the investigation of LCD properties.
7.3.2 Existing calculation method
The simulation can provide reliable results for theoretical studies of LC e↵ects, but
in order to explain the observed results intuitively, we aim to derive the LC director
distribution directly from the free energy equation. Generally, the LC director distri-
bution can not be derived directly from Ericksen-Leslie’s equation (Eq. 7.1). To solve
this partial di↵erential equation, a calculation method had been developed by sim-
plifying the Ericksen-Leslie’s equation with two approximations: one elastic constant
and a small tilt angle [5].
One elastic constant
In the one elastic constant approximation, the splay and bend constants are regarded
as the same constant (K = K1 = K3). By using this approximation, the first and
second terms of Ericksen-Leslie’s equation (Eq. 7.1) are combined and the simplified
equation is rewritten as follows.1
K
@2✓
@z2
+ ✏0 ✏E
2 sin ✓ cos ✓ = 0 (7.2)
For 5CB at room temperature, the splay and bend constants are 6.1⇥ 10 22 and
8.4⇥10 22 N, respectively. So, we used as the average of the splay and bend constants
K = 7.25⇥ 10 22 N.
Small angle approximation
However, the second order electric field term of Eq. 7.2 is another obstruction for
solving Ericksen-Leslie’s equation. To simplify the equation, existing studies are lim-
ited to LC small tilt angles (sin ✓ cos ✓ ⇠ ✓). By using the small angle approximation
[5], the Ericksen-Leslie’s equation is simplified as follows:
K
@2✓
@z2
+ ✏0 ✏E
2✓ = 0 (7.3)
Under the spatial symmetry and the boundary conditions ✓(z) = 0 at z = 0 and z =
d, the LC director distribution can be derived as
✓ (z) = ✓m sin
⇣⇡
d
z
⌘
(7.4)
1In this section, we focus on the static properties and neglect the dynamic term   @✓@t .
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Figure 7.3: The value of sin ✓ cos ✓ (black solid line) and ⇡
3
24 ✓(
⇡
2   ✓) (red dashed line).
where ✓m is the maximum of the LC tilt angle occurring at the center of the cell
z = d/2.
The solution is simple and clear but with two main problems: (1) The solution is
limited to small LC tilt angles. For large LC tilt angles ✓ > 45 , the electric term
sin✓cos✓ will go to zero for ✓ ! 90  while the small angle approximation goes to
⇡/2. In the previous studies in Ch. 6, the dependence of the static and dynamic LC
properties on the pretilt angle was clearly demonstrated but this can not be calculated
by this existing calculated method.
7.3.3 New calculation method
To properly derive the LC director distribution, we developed a new calculation
method with an improved approximation, based on a full tilt angle range while crossed
terms are neglected.
Full tilt angle range
To overcome the small LC tilt angle limitation of the small angle approximation, we
improved the simplified equation. Here the electric term sin ✓ cos ✓ is simplified as
24
⇡3 ✓(
⇡
2   ✓) which vanishes at ✓ = 0 and ⇡/2. The normalized constant 24⇡3 is added to
achieve the same integral area of both equations from ✓ = 0 to ⇡2 . As shown in Fig.
7.3, sin ✓ cos ✓ and 24⇡3 ✓(
⇡
2   ✓) have a similar profile. This approximation allows that
the calculation follows the full range of the LC director from 0  to 90 .
Base on this improved approximation and the one constant approximation, the
static Ericksen-Leslie’s equation can be rewritten as
K
@2✓
@z2
+ ✏0 ✏E
2 24
⇡3
✓
⇣⇡
2
  ✓
⌘
= 0 (7.5)
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In a PA cell, the LC pretilt angles on both substrates are the same. Maintaining
the spatial symmetry and under the boundary conditions ✓(z) = ✓p at z = 0 and z =
d, a general solution of the LC director distribution can be presented as a Fourier
series which involves the pretilt angle ✓p as [11]
✓ (z) =
X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p (7.6)
where Cn are the Fourier coe cients with index n. The solution has no even index n
and no cosine terms because the LC director distribution is symmetric in the center
of the cell z = d/2.
Crossed term neglected
To derive the Fourier coe cient Cn, the Fourier series (Eq. 7.6) is introduced into the
simplified Ericksen-Leslie’s equation (Eq. 7.5) as follows.
K
@2
@z2
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
!
+✏0 ✏E
2 24
⇡3
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
! 
⇡
2
 
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
!!
= 0
(7.7)
However, this equation is too complex to directly derive the Fourier coe cients. The
equation includes the summation
P
Cn, squared summation
P
C2n, crossed summa-
tion
PP
CmCn (m 6= n) and constant terms. This equation was solved as follows.
First, the crossed summation term
PP
CmCn are eliminated by integrating Eq. 7.7
over the whole LC cell from z = 0 to z = d:Z d
0
K
@2
@z2
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
!
+✏0 ✏E
2 24
⇡3
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
! 
⇡
2
 
 1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
+ ✓p
!!
dz = 0
(7.8)
The cross terms between the di↵erent indices n can be excluded, because m 6= n,R d
0 Cm sin
 
m⇡
d z
 
Cn sin
 
n⇡
d z
 
dz =CmCn
R d
0 sin
 
m⇡
d z
 
sin
 
n⇡
d z
 
dz =0. We call this
”crossed terms neglected approximation.”
After integration, Eq. 7.8 is reduced to:
1X
n is odd
C2n  
1X
n is odd
4
n⇡
↵nCn   2✓p
⇣⇡
2
  ✓p
⌘
= 0 (7.9)
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with
↵n =
⇣⇡
2
  2✓p
⌘
 K 0 n
2
V 2d
, K 0 =
K⇡5
24✏0 ✏
where Vd is the driving voltage which is the integration of the electric field Vd = Ed.
To separate the elements in the summation equation, the constant term 2✓p(
⇡
2 ✓p)
is replaced by a summation term
P1
n is odd
16
⇡2n2 ✓p
 
⇡
2   ✓p
 
. Now, Eq. 7.9 is rewritten
as follows.
1X
n is odd

C2n  
4
n⇡
↵nCn   16
⇡2n2
✓p
⇣⇡
2
  ✓p
⌘ 
= 0 (7.10)
Finally, the solution of the Fourier coe cient Cn can be obtained by just solving
a simple quadratic equation. Here, we only consider a positive quadratic formula.
Cn =
2
n⇡
✓
↵n +
r
↵n2 + 4✓p
⇣⇡
2
  ✓p
⌘◆
(7.11)
By introducing Eq. 7.11 into Eq. 7.6, a general solution of the LC director dis-
tribution is completely derived from Ericksen-Leslie’s equation. The LC director
distribution is a superposition of sine waves with the Fourier coe cients Cn.
Here we want to compare the correctness of the calculation results between the
existing method and our new method. The LC director distribution cannot be directly
measured from an experiment, so the calculation result can only be compared with the
simulation result. It should be noticed that both the simulation and calculation results
are derived from the Ericksen-Leslie’s equation for minimizing the LC distortion and
electric free energies.
The LC director distributions calculated by the existing and our new method are
plotted in Fig. 7.4a and b, respectively. For the existing calculation result, the LC
director distribution is calculated based on Eq. 7.4 and the maximum of the LC tilt
angle ✓m obtained from the simulation results. For the new calculation results, the
LC director distribution is calculated based on Eq. 7.6 and the Fourier coe cients
Cn are obtained from Eq. 7.11. Obviously, the calculation results by using the new
calculation method (red solid line) hava a better agreement with the simulation results
(dashed line) than the existing calculation method (green solid line), in particular for
large voltages.
In a cell with a high driving voltage, most LC molecules prefer to align parallel
to the electric field direction. For the existing calculation method, the LC director
distribution can only be presented as a half range sine function which means that the
LC director decays from 90  in the middle of the cell to 0  at the boundaries. For
the new calculation method, if an infinitely large driving voltage is introduced into
the Fourier coe cient Cn of Eq. 7.11, then the LC director distribution of Eq. 7.6
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Figure 7.4: (a) Simulation results (black dash lines) and sine function fits (green lines).
(b) Simulation results (black dash lines) and the generalised solutions (red lines). The
applied voltages are 1, 1.5, and 10V.
becomes the following Fourier series.
✓ (z) =
⇡
2
X
n is odd
4
n⇡
sin
⇣n⇡
d
z
⌘
(7.12)
This is a Fourier series of a square function.
✓ =
⇢
⇡
2 if 0 < z < d
0 if z = 0 and d
It represents the real LC behavior for which the LC molecules are all parallel to
the electric field direction for an extremely high driving voltage.
7.4 Static studies - phase retardation and transmittance
To compare the calculation result with the experimental data, the LC director distri-
bution has to be converted to the phase retardation. Before the conversion, we found
that the dependence of the threshold voltage on the pretilt angle can be explained
in terms of the LC director distribution. In this section, three LCD properties are
discussed subsequently: the threshold voltage, the phase retardation and the contrast
ratio.
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7.4.1 Threshold voltage
In Ch. 6, we demonstrated the dependence of the LCD performance parameters, such
as contrast ratio and response time, on the pretilt angle. Furthermore, the LCD
performance parameters are related to the threshold voltage, that indicates when LC
molecules can be reoriented by an external electric field.
As is clear from the experimental results of Sec. 6.3.3, for a PA cell with a low
pretilt angle, the phase retardation does not change before the driving voltage reaches
the threshold voltage. In other words, the threshold voltage is the minimum driving
voltage to reorient the LC molecules. However, we found that the flat area and
clear turning point in the phase retardation could not be found for the cells with
higher pretilt angles. Moreover, according to our definition of the threshold voltage,
the threshold voltage exponentially decayed with increasing pretilt angle. Here, we
attempt to find a similar pattern from our new calculation method.
In our calculation method, the general solution of the LC director distribution
was represented (see Eq. 7.6) as a Fourier series. For the boundary condition and
the spatial symmetry, the Fourier basis used the sine function with odd indices. The
Fourier coe cient Cn is the amplitude of each basis function. In Fig. 7.5a, the Fourier
coe cients Cn are plotted as a function of the driving voltage for a cell with a 0 
pretilt angle. Before the driving voltage reaches 0.81 V, all of the Fourier coe cients
Cn are zero. In other words, the LC director in the whole cell is 0  and it only starts
to rotate above 0.81 V driving voltage. This perfectly corresponds to the threshold
voltage we found in the phase retardation experiment.
As shown in Fig. 7.5a, a higher index n comes with a higher threshold voltage
of Cn. Therefore, to derive the experimentally observed threshold voltage, only the
threshold voltage in the first Fourier coe cient C1 has to be taken into account. For
a planar cell (✓p = 0 ), the first Fourier coe cient of Eq. 7.11 can be rewritten as
follows:
C1 =
2
⇡
✓
↵1 +
q
↵21
◆
=
⇢
4
⇡↵1 if ↵1 > 0
0 if ↵1  0 (7.13)
where
↵1 =
⇡
2
  K
0
V 2d
, K 0 =
K⇡5
24✏0 ✏
(7.14)
Eq. 7.13 indicates that the first Fourier coe cient C1 stays at zero while ↵n  0.
Therefore, the threshold voltage Vth can be obtained from Eq. 7.14 for ↵1 = 0.
Vth =
r
⇡4
12
r
K
✏0  ✏
(7.15)
where K is the splay (bend) elastic constant and the  ✏ is the dielectric anisotropy
of the LC. In our case for 5CB with K = 7.25⇥ 10 12 N and  ✏ = 10, the threshold
voltage is calculated as 0.81 V, which is in perfect agreement with the experimental
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Figure 7.5: (a) Cn for di↵erent indices n for the 0  pretilt angle. (b) C1 for di↵erent
pretilt angles. (c) C1 with low pretilt angles; the inset gives the definition of the thresh-
old voltage. (d) Threshold voltages under di↵erent pretilt angles. The circles are the
experimental data (same as Fig. 6.3c) and the red line is from calculations.
data of Fig. 7.5d. The threshold voltage derived from our calculation method is similar
to the Freedericksz transition threshold voltage discussed in Sec. 6.3.2, Vth = ⇡
q
K1
✏0  ✏
= 0.83 V [12, 13].
To investigate the dependence of the threshold voltage on the pretilt angle, the
first Fourier coe cients C1 of cells with di↵erent pretilt angles were plotted as a
function of driving voltage in Fig. 7.5b. Like the phase retardation curves shown in
Fig. 6.3b, the flat area and clear turning point in the first Fourier coe cient cannot
be found in a cell with a high pretilt angle. Unexpectedly, even for a cell with a low
pretilt angle, such as 2 , the turning point of the threshold voltage also cannot be
found.
This phenomenon of the disappearance of a clear turning point in the first Fourier
coe cient can be explained by Eq. 7.11. For a cell with a non-zero pretilt angle
(✓p > 0 ), the second term
q
↵2n + 4✓p
 
⇡
2   ✓p
 
is always larger than the first term
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↵n. Therefore, the Fourier coe cients Cn are always larger than zero if the pretilt
angle is larger than zero except the point at 0 V driving voltage. This explains why
a clear turning point in the phase retardation experiment in Ch. 6 was not found.
Moreover, using a similar threshold voltage definition of the experimental data in
Sec. 6.3.3, we defined the threshold voltage as the cross point from the line of the
maximum slope of the curve to the voltage axis (voltage-intercept) (see Fig. 7.5c). As
shown in Fig. 7.5d, the calculated result (red line) and the experimental data (circles)
are in good agreement. The threshold voltage in the phase retardation can be easily
related to the threshold voltage in the first Fourier coe cient. The static calculation
method provides a good explanation of the dependence of the threshold voltage on
the pretilt angle.
7.4.2 Phase retardation
To compare the calculation results with experimental data from Ch. 6, the LC direc-
tor distribution has to be derived from the phase retardation which can be measured
via the experiment. The relation between the LC director distribution and the phase
retardation can be simplified by using several approximations [5, 14]. Here, in order
to accurately examine the reliability of the new calculation method, the phase retar-
dation is computed without any approximation and we use the complete geometrical
optics relation between the phase retardation    and the LC director distribution
✓(z) as follows:
   =
Z d
0
 neff k dz (7.16)
where  neff = neff   no and k = 2⇡  is the wave number. neff is the e↵ective
refractive index
neff =
✓
sin2 ✓
n2o
+
cos2 ✓
n2e
◆  12
(7.17)
where ne and no are the extraordinary and ordinary refractive indices, respectively
[15]. All values and units of constants are listed in Table 7.1 at the end of this chapter.
As shown in Fig. 7.6a, the calculated phase retardation curves for di↵erent pretilt
angles are in good agreement with the experimental results. It indicates that our new
calculation method is indeed reliable for a full range of LC static studies.
7.4.3 Transmittance
The transmittance of the PA cell can be obtained from the phase retardation by using
the following equation.
T = T0 sin
2
✓
  
2
◆
(7.18)
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Figure 7.6: (a) The phase retardation of the calculation (dashed line) and experimental
result (solid line) for cells with di↵erent pretilt angles. (b) The calculation and experi-
mental phase retardations with di↵erent pretilt angles.
In Sec. 6.3.1, we demonstrated a high contrast ratio LCD can be achieved by preparing
a cell with a higher pretilt angle. Here we used the same contrast ratio definition and
cell condition in our calculation method. As shown in Fig. 7.6, the calculation results
and experimental data are in good agreement. The calculation results confirm that a
cell with a higher pretilt angle indeed gives rise to a high contrast ratio.
7.5 Dynamic studies - response time
For static LC studies, a new and proper calculation method was demonstrated in the
previous section, which provides a solution for a wide range of LC tilt angles. In this
section, the time dependence is added into our calculation method to compare with
the LC dynamic studies. The LC dynamic e↵ects are mainly classified into two types:
turn o↵ and turn on times, which depend on the LC director change and optical
response.
The switching times of the optical response are obtained by transmittance mea-
surements. It was also investigated in Ch. 6 and the turn o↵ and turn on times are
noted as toff and ton, respectively. In the definitions of Sec. 6.4, the words, turn on
and turn o↵, were related to describing the behavior of the driving voltage switching,
instead of the optical switching.
The response times of the LC director are used in the theoretical studies to describe
the reorientation speed of LC molecules. To avoid the confusion with the switching
times of the optical response, we call them rise and relaxation times of the LC director
and note them as ⌧rise and ⌧relax, respectively. Here the words, rise and relax, were
related to describing the behavior of the LC director. For a PA cell operating between
0 V and 15 V, rise and relaxation represent the LC director from ✓p to ⇠ 90  and
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from ⇠ 90  to ✓p, respectively. Here ✓p is the pretilt angle which is the initial LC tilt
angle without applying any driving voltage.
Firstly, in Sec. 7.5.1, we derive the rise time ⌧rise and relaxation time ⌧relax and
compare the calculated time-dependent LC director distributions with simulated re-
sults. Then, in Sec. 7.5.2, to derive the relations between the optical response time
and the pretilt angle, the phase retardation equation is simplified by using a uniform
LC director distribution approximation. In Sec. 7.5.3, the calculated turn o↵ time
toff and turn on time ton are derived and compared with the experimental data of
Sec. 6.4.1 and 6.4.2.
7.5.1 Relaxation time and rise time
To study the dynamic properties, we also start from the Ericksen-Leslie’s equation.
The time dependence is added into the simplified static Ericksen-Leslie’s equation
(Eq. 7.5).
K
@2✓
@z2
+ ✏0 ✏E
2 24
⇡3
✓
⇣⇡
2
  ✓
⌘
=  
@✓
@t
(7.19)
Here we used the same method as used in the static calculation in Sec. 7.3.3: one
elastic constant and a full tilt angle range.
Relaxation time
For the relaxation time calculation, the driving voltage is switched o↵ from Vd to 0
V at time t = 0. Then the LC director relaxes from ✓(Vd) to the initial angle ✓p.
Because no electric field is involved (E = 0), the Ericksen-Leslie’s equation (Eq. 7.19)
is simplified to
K
@2✓
@z2
=  
@✓
@t
(7.20)
According to the well-known solution of this partial di↵erential equation, the LC
director distribution can be simply derived as
✓ (z) =
1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
e 
n2t
⌧relax + ✓p (7.21)
with the relaxation time constant ⌧relax
⌧relax =
 d2
K⇡2
where Cn are the Fourier coe cients of the static calculation (Eq. 7.11). In an ex-
ponential decay function, the relaxation time ⌧relax stands for the relaxation speed
that the LC director reduces to e 1 = 0.37 times its initial value. The corresponding
parameters were listed in Table 7.1 at the end of this chapter.
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Figure 7.7: The LC director distribution of the calculation (red dashed line) and sim-
ulation (black solid line) which are switched o↵ from 15 V for cells with the 5  pretilt
angle.
Fig. 7.7 gives an example of a cell with a 5  pretilt angle, showing how the LC
director distribution relaxes from 15 V. The calculated result is in good agreement
with the simulation result. For the relaxation time derivation (see Eq. 7.20), only
the one constant approximation is used because no electric term is involved. It is
the reason why the calculation result has such a good agreement with the simulation
results in Fig. 7.7.
Rise time
To derive the rise time, we use the same approximations as those used in the static
study. The dynamic LC orientation can be obtained by solving the simplified Ericksen-
Leslie’s equation (Eq. 7.19) with the separation of variables method. The LC orien-
tation can be regarded as the product of the LC director spatial distribution and its
time dependence:
✓ (z) =
1X
n is odd
Cn sin
⇣n⇡
d
z
⌘
An (t) + ✓p (7.22)
By using the “crossed term neglected approximation” introduced in Sec. 7.3.3, the
simplified Ericksen-Leslie’s equation (Eq. 7.19) becomes
1X
n is odd
C2nA
2
n 
1X
n is odd
4
n⇡
↵nCnAn +
1X
n is odd
4
n⇡
 Cn
@An
@t
  2✓p
⇣⇡
2
  ✓p
⌘
= 0 (7.23)
with
  =
 
✏0 ✏E2
⇡3
24
(7.24)
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By solving the above equation, the time-dependent part An(t) is obtained as follows.
An (t) =
2
n⇡
1
Cn
✓
↵n +
r
↵n2 + 4✓p
⇣⇡
2
  ✓p
⌘
tanh
✓
1
2
t  t0,n
⌧rise
◆◆
(7.25)
with
⌧rise =
 q
↵n2 + 4✓p
 
⇡
2   ✓p
  (7.26)
where ⌧rise is the rise time constant, which is related to the response speed of the LC
director change, and t0 is the delay time. For a tanh(x) function, the maximum slope
appears at x = 0. This means the LC director changes most rapidly at the delay time
t = t0.
At the moment t = 0, no driving voltage is applied. The time dependent term
An (t) equals to zero because all the LC molecules align along the pretilt angle direc-
tion. By giving an initial value of the time dependent term An (t = 0) = 0, the delay
time constant t0 can be derived as
t0 = 2⌧rise tanh
 1
0@ ↵n (Va)q
↵n (Va)
2 + 4✓p
 
⇡
2   ✓p
 
1A (7.27)
Fig. 7.8 shows the dynamic change of the LC director distribution from calculations
and simulations. The driving voltage is switched on from 0 V to 15 V at t = 0. The
calculated curves correspond to simplified Ericksen-Leslie’s equation (Eq. 7.19) and
the simulated ones are the solution of original Ericksen-Leslie’s equation (Eq. 7.1).
The calculation method is shown to be highly reliable given the good agreement with
the simulation results.
7.5.2 Simplified phase retardation
So far, in order to accurately examine the reliability of the new calculation method,
the phase retardation and the transmittance are computed from the LC director
distribution by using the equations without any approximation (Eq. 7.16 and 7.18).
However, to directly represent the relations between the LCD properties and the
pretilt angle, the phase retardation equation has to be simplified. The expression for
the phase retardation can be simplified by assuming the LC director distribution to
uniformly align with an LC average director ✓avg in the whole cell (see Fig. 7.9a).
The average director ✓avg is defined as follows.
✓avg =
1
d
Z d
0
✓ (z)dz (7.28)
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Figure 7.8: The LC director distribution of the calculation (red dashed line) and simula-
tion (black solid line) which are switched on from 0 V to 15 V for cells with the 5  pretilt
angle.
Figure 7.9: (a) The average LC director for the phase retardation simplification. (b) The
calculated LC thickness as a function of the pretilt angle to reach the phase retardation
   = ⇡. The red dashed line is based on Eq. 7.22 which is derived from the simplified
phase retardation. The black solid line is from the calculation without any approximation.
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For a cell with a uniform LC director ✓avg, the integration of the phase retardation
equation (Eq. 7.16) is then simplified to:
   ⇠  neff (✓avg) k d
= no
⇣ 
1  n0 cos2 ✓avg
   12   1⌘ k d (7.29)
where n0 = n
2
e n2o
n2e
= 0.195. Because the term n0 cos2 ✓avg is much smaller than 1, the
phase retardation equation can be simplified again:2
   =
1
2
n0 n
0 cos2 ✓avg k d (7.30)
On the other hand, according to the above equation, the required LC thickness for a
PA cell can be derived by putting the phase retardation    = ⇡.
d =
⇡
nok
⇣ 
1  n0 · cos2 ✓p
   12   1⌘ 1 (7.31)
As shown in Fig. 7.9b, the LC thickness calculated with the simplified phase retarda-
tion (red dashed line) is in good agreement with the LC thickness calculated without
any approximation (black solid line). This simplified LC thickness calculation method
will be used in the LC dynamic studies.
7.5.3 Turn o↵ time and turn on time
Turn o↵ time
Now we go further to investigate the calculation for the turn o↵ time on the trans-
mittance. The final goal is to find out the correlation between the turn o↵ time and
the pretilt angle. In the experiments, the turn o↵ time is defined as the time that
the transmittance increases from T = 10% to T = 90%. In the calculation, the turn
on time can be derived based on the calculation result of the LC director relaxation
time. It is simple to derive the phase retardation   from the LC director distribution
✓(z) by using Eq. 7.16. However, it is too di cult to derive the equations because
the e↵ective refractive index (Eq. 7.17) is too complex for the integration (Eq. 7.16),
especially when the LC director distribution is represented as a Fourier series which
is a summation of sine functions (Eq. 7.6). In order to derive the phase retardation,
we need to simplify the equations.
In Sec. 6.4.1, LC cells were operated by applying the driving voltage between 0
V and 15 V. As shown by the experimental result in Fig. 7.6a, the phase retardation
almost goes to zero at a 15 V driving voltage, which means that most LC molecules
2If a << 1, (1 + a) 
1
2 ⇠ 1  12a
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Figure 7.10: (a) The time-dependent Fourier coe cients Cn change for di↵erent indices
n. (b) Comparison of calculation results and experimental data of the turn o↵ times for
cells with di↵erent pretilt angle.
align to 90 . Therefore, we assume that the LC director distribution at a 15 V driving
voltage can be presented as a square function of the Fourier series (Eq. 7.12). If a
high enough driving voltage is applied, the time-dependent LC director distribution
(Eq. 7.21) can be simplified as follows.
✓ (z) =
1X
n is odd
4
n⇡
⇣⇡
2
  ✓p
⌘
sin
⇣n⇡
d
z
⌘
e
  t
n2 ⌧relax + ✓p (7.32)
In both calculated and experimental results, the time for the transmittance change
from 0% to 10% is so fast that it can be neglected. A simplified turn on time is
calculated as the time for the transmittance change from 0% to 90% to replace the
experimental definition from 10% to 90%. While the transmittance increases from
0% to 90%, the LC director decays from 90  to ⇠✓p. By examining the equation
of the LC director distribution (Eq. 7.32), the LC director dynamic behavior can be
explained by how the Fourier coe cient decays from the maximum at t = 0 to zero
at t =1. The relaxation time term ⌧relaxn2 implies that the Fourier coe cient Cn for
a higher index (n  3) decays n2 times faster than the first Fourier coe cient C1.
As the calculation results of the time-dependent Fourier coe cient Cn shown in Fig.
7.10a, the Fourier coe cient with a higher index (n  3) decreases to zero very fast.
At the measured turn o↵ time toff of a cell with a low pretilt angle (⇠ 5 ms), only
the first Fourier coe cient C1 has to be taken into account in the calculation. To
calculate the time for T = 90%, the calculation can be simplified by only calculating
the first index n = 1 as follows.
✓ (z) =
4
⇡
⇣⇡
2
  ✓p
⌘
sin
⇣⇡
d
z
⌘
e 
t
⌧relax + ✓p (7.33)
7.5 Dynamic studies - response time 115
According to the simplified method of the phase retardation in Sec. 7.5.2, the LC
director distribution ✓(z) (Eq. 7.33) is simplified to be a uniform average LC director
✓avg.
✓avg =
8
⇡2
⇣⇡
2
  ✓p
⌘
e
  t
n2 ⌧relax + ✓p (7.34)
According to the relation between the transmittance and the phase retardation
(Eq. 7.18), the phase retardation equals to   90% = 0.795 for the transmittance
T = 90%. By introducing the LC average director (Eq. 7.34) into the simplified
phase retardation (Eq. 7.30) and solving it with   90% = 0.795, the relation between
the turn o↵ time and the pretilt angle is derived.
toff = ⌧relax ln
0@⇡
8
cos 1
⇣p
  90% cos ✓p
⌘
  ✓p
⇡
2   ✓p
1A (7.35)
Note that the relaxation time ⌧relax is also dependent on the pretilt angle because
the cells with di↵erent pretilt angles are prepared with di↵erent LC thicknesses (Eq.
7.31).
⌧relax =
 d2
K⇡2
=
 
K⇡2
✓
⇡
1
2k n0 n
0 cos ✓p
◆2
(7.36)
In Fig. 7.10b, the calculation result based on Eq. 7.35 has a good agreement with
experimental data of Sec. 6.4.1. Moreover, the calculation method (Eq. 7.35) provides
a good explanation why the turn o↵ time increases with the pretilt angle.
Turn on time
For the turn on time calculation, we use the similar method as in the turn o↵ time
section. To derive the phase retardation from the LC director distribution, first, we
use the average director approximation (Sec. 7.5.2). By using the definition of the
average director (Eq. 7.28), the rise time of the LC director distribution (Eq. 7.22)
can be simplified as follows.
✓avg =
1X
n is odd
4
n2⇡2
✓
↵n +
r
↵2n + 4✓p
⇣⇡
2
  ✓p
⌘
tanh
✓
1
2
t+ t0
⌧rise
◆◆
+ ✓p (7.37)
For a large index n, the contribution of 1n2 is very small. Therefore, the average
director is simplified by only taking the low index n into account. Moreover, the
square of the driving voltage V 2d is much larger than the square of the low index n
2,
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the term ↵n is simplified by neglecting the voltage dependence.3.
↵n =
⇣⇡
2
  2✓p
⌘
 K 0 n
2
V 2d
⇠ ⇡
2
  2✓p (7.38)
Therefore, Eq. 7.37 can be further simplified.4
✓avg =
⇡
4
✓
1 + tanh
✓
1
2
t+ t0
⌧rise
◆◆
(7.39)
By introducing the LC average director (Eq. 7.39) into the simplified phase retar-
dation (Eq. 7.30), the relation between the turn on time for reaching a transmittance
T = x% and the pretilt angle is derived.
ton, T = 2 ⌧rise tanh
 1
⇣ 4
⇡
cos 1(
p
  T cos ✓p)  1
⌘
+ t0 (7.40)
Here we want to calculate the turn on time which is defined as the time for the
transmittance change from T = 10% to T = 90%. Following Eq. 7.40, the turn on
time can be derived as follows.
ton = ton, 10%   ton, 90%
= 2 ⌧rise

tanh 1
⇣ 4
⇡
cos 1(
p
  10% cos ✓p)  1
⌘
  tanh 1
⇣ 4
⇡
cos 1(
p
  90% cos ✓p)  1
⌘  
(7.41)
According to the relation between the transmittance and the phase retardation (Eq.
7.18), the phase retardation is changed from   10% = 0.205 to   90% = 0.795.
Fig. 7.11a is the calculation result based on Eq. 7.41. In the high pretilt an-
gle region, the calculation result has a good agreement with the experimental data.
However, in the low pretilt angle region, the calculation result is lower than the ex-
perimental data. As shown in Fig. 7.11b, we further plot the times for reaching
the transmittances T = 10% and T = 90% by using Eq. 7.40. In Fig. 7.11b, the
transmittances both increase rapidly while the pretilt angle decreases to around zero.
According to Eq. 7.41, the weight of the rise time constant ⌧rise becomes much larger
for a low pretilt angle. The uncertainty which is generated during the simplified cal-
culation method is enlarged. Therefore in the low pretilt angle region, the calculation
result does not perfectly fit to the experimental data.
3In the experiments, a square wave with a peak-to-peak 15 V driving voltage was applied for a
dark state of a LC cell. It equals to a root mean square 7.5 V driving voltage used in the calculation.
4P1
n is odd
4
n2⇡2
= 12
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Figure 7.11: (a) Comparison between calculated results and experimental data of the
turn on times for cells with di↵erent pretilt angles. (b) Comparison between calculated
results and experimental data of the switching time to reach the transmittance T = 10%
and T = 90% for cells with di↵erent pretilt angles.
7.6 Summary
A new improved calculation method has been developed for the static and dynamic LC
studies that includes the pretilt angle and goes beyond the small angle approximation.
In both static and dynamic LC studies, the calculation results are in good agreement
with the experimental results demonstrated in Ch. 6. The calculation is a reliable
method to predict the static and dynamic performances, such as contrast ratio and
response time, for a wide range of PA cells.
Constant Symbol Value Unit (SI) Note Ref
Distortion K1 6.1⇥ 10 12 N splay [16]
K3 8.4⇥ 10 12 N bend [16]
K 7.25⇥ 10 12 N 12 (K1+K3) [16]
Dielectric anisotropy  ✏ 10 [17]
Refractive index ne 1.707 extraordinary [15, 18]
no 1.532 ordinary [15, 18]
Rotational viscosity   0.08 Pa·s [19]
Table 7.1: The 5CB constants used in this study for simulation and calculation.
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CHAPTER 8
Multi-domain System
122 Multi-domain System
8.1 Introduction
In liquid crystal displays (LCDs), the viewing angle is one of the important proper-
ties, in particular for large screen applications. In order to reach the maximum angle
at which a display can be observed with proper contrast ratio and gray scale, the
viewing angle has to be designed as wide as possible [1]. To achieve a wider viewing
angle, two main technologies had been developed: front di↵using film [2–4] and multi-
domain liquid crystal (LC) orientation [5]. For the di↵user technology, a di↵using film
is attached on the front surface of LCDs to di↵use the light into various angles. A
di↵using film can reduce the viewing angle dependence, but it also causes a blur of
the image [6]. For a multi-domain LC orientation system, the LC molecules align into
di↵erent directions in di↵erent domains in the sub-pixels; the viewing angle depen-
dence in each pixel is compensated by averaging the transmittance over domains (see
the introduction in Sec. 2.3.4). Several multi-domain modes had been developed, such
as multi-domain vertical alignment (MVA) [7–9] and multi-domain twisted nematic
[10–12]. The key technological challenge of a multi-domain mode is how to control
the LC pretilt angle precisely in each domain. The pretilt angle is defined as the angle
between the substrate and the LC long axis in the surface layer.
The LC surface alignment layer which determines the LC pretilt angle is a crucial
Figure 8.1: The concepts of a dual-domain LC alignment layer by depositing LC alignment
layer with shadow masks. The arrows in the LC alignment thin film are used to present
the depositing direction. Note that the pretilt angle may not equal to the depositing
angle.
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part of an LCD. The velvet rubbing treatment is the simplest and low-cost alignment
technology with advantages of high transparency and chemical stability [13, 14]. By
rubbing the substrate which is coated with a polyimide (PI) thin film, a liquid crystal
molecule can be oriented by this surface. The rubbed polyimide thin film presents
a planar alignment in which the LC molecules are oriented parallel to the substrate
and along the rubbing direction. However, for a multi-domain system, complicated
lithography processes have to be applied to control di↵erent LC alignment directions
in each domain [10]. Moreover, a rubbing treatment cannot be used for a wide pretilt
angle control. Therefore, we aim to find an LC surface alignment method that can
control the pretilt angle and this method can be simply applied to a multi-domain
system.
In Ch. 4, we presented a reliable surface alignment method; by obliquely depositing
a Fe2O3/Cr2O3 thin film on a PI-coated substrate, this substrate can control the LC
pretilt angle precisely from 0  to 45 . In Ch. 6, comparing to the vertical alignment
(VA) mode, we showed an inversely voltage operation LCD mode called “parallel
alignment (PA) mode with pretilt angle controlled.” We demonstrated that good
LCD performances, such as the contrast ratio and response time, can be achieved
for a PA cell with a proper pretilt angle. Depositing a thin film is a suitable LC
alignment technology [15–17] which can also be applied to a multi-domain system by
using a shadow mask lithography technology [18]. As the concepts shown in Fig. 8.1,
an LC alignment layer can be physically deposited by evaporation [15] or sputtering
[19, 20] through the shadow mask onto a selective area of a substrate. In this way,
a small domain LC control can be achieved, resulting in a simpler fabrication with
two steps film deposition comparing with a complex photolithographic process in a
dual-domain PI system [10].
In this chapter, we demonstrate how to achieve a wider viewing angle by making
a dual-domain cell with the surface alignment method demonstrated in Ch. 4. First,
the sample preparation and measurement methods are introduced in Sec. 8.2. In Sec.
8.3, we observe the pretilt angle behavior in this dual-domain system. In Sec. 8.4,
the dependence of the transmittance and the contrast ratio on the viewing angle for
a dual-domain cell are measured. To examine the improvement of the viewing angle,
the experimental results of a dual-domain cell are compared with a single-domain cell.
8.2 Sample
Following the sample preparation steps in Sec. 3.2, we first spin-coated polyimide
on a cleaned 1 ⇥ 2 cm2 ITO-glass and the thickness of the PI layer measured by
ellipsometer was c.a. 300 nm. To obtain a dual-domain alignment layer, a PI-coated
substrate was covered with a 1 mm thick shadow mask (MACOR, Corning) during the
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Figure 8.2: The shadow masks and the substrate preparation. (a) The shadow masks
and their dimensions. There were two pairs of masks with 1mm and 2mm domain widths.
(b) The shadow mask a and b with di↵erent Fe2O3/Cr2O3 depositing directions (gray
arrows). (c) Setup of the substrate fabrication. (d) Dual-domain substrate with a 2 mm
domain width.
alignment layer depositing process.1 As shown in Fig. 8.2c, a shadow mask and two
PI-coated substrates (A and B) were set on the anode (bottom electrode) with a stand
for keeping the sample at 60  with respect to the horizontal. Then a thin film was
obliquely deposited on the substrate through the selective opening areas by sputtering
the stainless steel target (SUS 304, EIKO Engineering Co., Ltd.). The composition
of the deposited thin film was identified as Fe2O3/Cr2O3 by X-ray photoemission
spectroscopy (see Sec. 5.3.1).
In this study, for 1 mm and 2 mm domain widths, two pairs of masks were prepared
(see 1-a/1-b and 2-a/2-b in Fig. 8.2a).2 For each domain width, two masks were used
1MACOR is an electric insulator and remains stable at 800 C.
2Note that the domain width of our hand-made shadow mask was limited to the resolution of our
milling machine (1 mm). Nowadays, shadow mask is a mature technology which can be used for a
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to cover di↵erent regions for di↵erent Fe2O3/Cr2O3 depositing directions (see Fig.
8.2b). For instance, in a dual-domain substrate preparation for a 2 mm width and a
30 minute depositing time, we set the mask 2-a on two substrates (see Fig. 8.2c) and
deposited the thin film in 30 minutes. Then we swapped the positions and changed
the directions of the two substrates. The substrates were covered with the mask
2-b to deposit Fe2O3/Cr2O3 on the other areas of the substrates with the di↵erent
depositing direction (see Fig. 8.2b) in 30 minutes. After the two steps deposition, as
shown in Fig. 8.2d, the dual-domain substrates were prepared for a 2 mm domain
width. In this chapter, all of the substrates were prepared under the same ion beam
currents and sputter voltages at 5 mA and 560 V, respectively.
Then two Fe2O3/Cr2O3-deposited substrates were combined as an anti-parallel
alignment cell and sandwiched with Mylar spacers. Here top and bottom substrates
had to be aligned well to make sure that the alignment layer was anti-parallel in each
domain. The empty cells were filled with 4’-n-pentyl-4-cyanobiphenyl (5CB, Merck)
at 60 C and annealed to room temperature.
In the PA mode, the cell was operated between 0 V and Vd driving voltages for
the bright and the dark states, respectively, The cell thickness had to be designed
in such a way to reach an initial phase retardation of ⇡ which is the bright state
without any driving voltage. For a dual-domain measurement, such as the viewing
angle dependence, the laser beam had to cover at least two domains. The laser beam
was expanded to 2 mm or 4 mm spot size for the measurement of the 1 mm or 2
mm domain width cell, respectively (see Fig. 8.3a and d). With a spot size larger
than 2 mm, the LC thickness in the measured area was not uniform anymore for a
wedge cell, which is used for a thickness control of a single-domain cell in Ch. 6. We
found a solution by adding two clips on the cell inside the Mylar positions (see Fig.
8.3b). Due to the force from the clips, the substrates were slightly bent and the LC
thickness at the center of the cell dc was smaller than the Mylar thickness dm. By
shifting the positions of the two clips, we could make a uniform LC thickness in two
domains and the thickness cell be controlled for achieving the initial phase retardation
of ⇡. Moreover, to examine the improvement of the viewing angle dependence, we
also measured LC properties for a single-domain by using a focused laser beam (see
Fig. 8.3a and c).
8.3 Pretilt angles on a dual-domain alignment surface
A polarizing optical microscope (POM) is widely used for the LC alignment investi-
gation by observing the texture of a cell between a pair of crossed polarizers (see Sec.
3.3.1) [23, 24]. The uniformity and the type of the alignment layer can be observed
small domain deposition with a feature size  20 µm [21]. The resolution of this line width is high
enough for a sub-pixel of a practical multi-domain LCD (180 µm ⇥ 500 µm) [22].
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Figure 8.3: Cell structure and measured area. (a) Schematic diagram of the cell structure
and laser beam sizes. In every experiment, we only measured one spot of the cell by using
focused “or” expanded laser. Here two laser beams were showed together on one cell
for the beam size comparison. (b) The thickness tuneable cell structure with two clips.
The images of the cells with (c) focused laser for single-domain measurement and (d)
expanded laser for dual-domain measurement.
based on the bright and dark states textures while the orientation of the cell is at
45  and 0  relative to the crossed polarizers. In Fig. 8.4a, the clear boundaries in the
bright state texture showed that a dual-domain state was obtained in our cells. In
cells prepared with a 1 mm or 2 mm domain width mask, the LC cells presented a
uniform alignment in each domain (see stripes in Fig. 8.4a).
Furthermore, the pretilt angles were measured and analyzed by using the “crystal
rotation method” (see Sec. 3.3.2) [25]. First, the geometrical construction of the pretilt
angle direction and the pattern of the dual-domain system had to be described. In our
substrate preparation setup (see Fig. 8.2c), the projection of the depositing direction
onto the substrate is parallel to the short axis of the substrate (x-axis in Fig. 8.4b).
According to this dual-domain substrate preparation method, the pretilt angle was
in the x-z plane (see Fig. 8.4b). To investigate the pretilt angle change between each
domain, we measured pretilt angles in di↵erent positions along the y direction. Fig.
8.4c was the result of the pretilt angle changes of 1 mm and 2 mm domain width
cells for di↵erent positions y. Their measured areas are shown as red squares in Fig.
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Figure 8.4: The pretilt angle in a dual-domain system. (a) POM images of cells with 1
mm and 2 mm domain widths. (b) Schematic diagram of the directions of LC molecules.
(c) Pretilt angles at di↵erent positions of 1 mm and 2 mm domain width cells.
8.4a. The results showed that the pretilt angles were very uniform in each domain.
Because of opposite Fe2O3/Cr2O3 depositing directions, the pretilt angles were in
opposite directions in neighboring domains.3
We also tried to determine the pretilt angle in the boundary areas. However, the
results could not be analyzed well. The possible reasons include (1) the measured
area was not small enough which may contain two di↵erent pretilt angle domains and
(2) top and bottom substrates (see Fig. 8.3a) may not be aligned perfectly which
means that the pretilt angles on top and bottom were di↵erent in the boundary
region. Compared to the domain width, the width of the boundary is very thin. The
transmittance e↵ect from the boundary region was neglected in this study.
3Fe2O3/Cr2O3 depositing directions were not really opposite (see Fig. 8.2b), but their projections
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Figure 8.5: Schematic diagram of the definition of (a) the viewing direction (green arrow)
at the azimuthal angle  and the polar angle ✓. (b) Polarizer and analyzer directions and
the azimuthal angle definition in the polar figure.
8.4 Viewing angle
In this section, the viewing angle dependence between single- and dual-domain were
investigated and compared in two ways: (1) the transmittances in the bright and the
dark states; (2) the contrast ratio. Before starting the discussion of the results, the
viewing angle coordinates have to be explained. As shown in Fig. 8.5a, we defined
the viewing angle in a spherical coordinate system using the polar angle ✓ (green
plane) and the azimuthal angle  (red plane). Our cell had a mirror symmetry along
the projection of the LC long axis on the substrate (defined as the x-axis). We
defined the axes of symmetry as the azimuthal reference direction. The polar and
azimuthal angles were restricted to the intervals 0   ✓  90  (see Fig. 8.5a) and
 180     180  (see Fig. 8.5b), respectively. In our setup, the cell was sandwiched
between a pair of crossed polarizers. As shown in Fig. 8.5b, the polarizations of the
polarizer and analyzer were at  = 45  and  =  45 , respectively. In this chapter,
all the viewing angle results were presented by polar figures with the azimuthal angle
definition shown in Fig. 8.5b.
8.4.1 Transmittances in bright and dark states
Figure 8.6a shows the viewing angle dependence of the normalized transmittance in
a single-domain cell. First, the transmittance, no matter in the bright or the dark
state, has the same mirror symmetry along to the azimuthal angle  = 0  which is the
pretilt angle direction. In the bright state (yellow polar figure), the high transmittance
(> 80%) is mostly located in the top area of the polar figure ( =  90  to 90 ) because
all LC molecules were aligned parallel to the pretilt angle which is in the plane  = 0 
onto the substrate were opposite.
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Figure 8.6: Measured polar figures of viewing angle dependences of transmittances in
(a) single-domain and (b) dual-domain cells. The dashed circles are the polar angles and
the  is the azimuthal angle (see the viewing angle definition in Fig. 8.5a). Top yellow
and bottom blue polar figures are the measured transmittance of the bright state and the
dark state, respectively.
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(see the single-domain cell in Fig. 8.7a). If giving a high enough driving voltage, the
LC molecules will be rotated along the external field direction which is perpendicular
to the substrate. In this ideal case, the minimum transmittance will appear in the
normal direction (✓ = 0 ). Moreover, the transmittance of the dark state will be
kept at 0 for the azimuthal angles  = 45  and  45  because no phase retardation
is generated when the LC molecules are parallel to the polarizer direction (see Fig.
8.7b).
However, in the real case, not all LC molecules can be rotated to 90  with a 15 V
driving voltage. Instead, the LC molecules will be rotated between the pretilt angle
and 90 . For instance, if most of the LC molecules are rotated to 85 , the minimum
of the transmittance will appear at ✓ = 5  and  = 0  while the viewing direction is
parallel to the LC molecules.4 Therefore, the low-transmittance area (< 5%) in the
dark state in Fig. 8.6a (blue polar figure) is located in the top area.
Fig. 8.6b shows the viewing angle dependence of the normalised transmittance for
a dual-domain cell. Comparing to the transmittances of the single-domain cell in Fig.
8.6a, the transmittance of the dual-domain cell is more uniform in both bright and
dark states.5 In the dark state, the dual-domain cell provided a large dark viewing
angle (T < 5%), especially for azimuthal angles  = 45 / 135  and  =  45 /135 .
4Here we gave an example of an ideal LC director distribution. In general, the LC director is not
uniform but varies between the pretilt angle and 90  between the substrate and the center of the
cell, respectively.
5The transmittance was not perfectly symmetric in the azimuthal angles  = 0  and  = 180 
because the pretilt angles were not exactly the same in the two domains. As the 2 mm domain width
cell shown in Fig. 8.4c, the pretilt angles were ⇠ 9  and ⇠ 6  in position regions 0⇠2 mm and 2⇠4
mm, respectively.
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Figure 8.7: (a) Single- and dual-domain cells for the azimuthal angles  = 0  and 180 .
The symmetry of the dual-domain cell can compensate the viewing angle dependence in
the azimuthal angle  = 0  and 180 . (b) A normal and  = 45  views. In an ideal
dark state, the transmittance stays at 0 for the azimuthal angle  = 45  because the LC
director is always parallel to the polarizer or the analyzer.
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8.4.2 Contrast ratio
The viewing angle dependence is generally given by the angle range for a contrast
ratio larger than 10 or 50. In our case, the contrast ratio (CR) can be obtained by
the following equation:
CR =
T (Bright state)
T (Dark state)
=
T (0 V)
T (Vd)
(8.1)
Here, T (0 V) is the transmittance at a 0 V driving voltage which gives the bright
state. T (Vd) is the transmittance at a Vd driving voltage which gives the dark state.
In this section, we gave a driving voltage of 15 V or 20 V for the dark state.6
Figure 8.8a gives the contrast ratio polar figures of single- and dual-domain cells
with a 15 V driving voltage for the dark state. In the single-domain cell, the high
contrast ratio (> 50) is located in the top part of the polar figure. Comparing the
transmittances of the bright and the dark states (see Fig. 8.6a), this can be explained
because the high transmittance area of the bright state and the low transmittance area
of the dark state both appeared in the top regions of the polar figures. As shown in the
bottom part of Fig. 8.8a, the dual-domain cell provided a wider and more symmetric
contrast ratio distribution. In particular, the dual-domain cell had a wider viewing
angle, especially for the azimuthal angles  = 45 / 135  and  45 /135 . In general,
people watch a TV in the same horizontal place. So an LCD TV can be designed by
setting the polarizer or analyzer horizontally to achieve a larger viewing angle (see
Fig. 8.7b).
In an ideal case when all LC molecules align vertically to the substrate in the
dark state, the transmittance is 0 at the azimuthal angles  = 45 / 135  and  =
 45 /135 . In other words, the contrast ratio, which is inversely proportional to
the transmittance of the dark state, is infinitely large at the azimuthal angles  =
45 / 135  and  =  45 /135 . However, for a real case of a cell with a 15 V driving
voltage, not all the LC molecules align to 90 , especially in the boundary regions. To
achieve a higher contrast ratio and wider viewing angle, the LC molecules have to
be rotated more close to 90  by giving a higher driving voltage or applying a higher
dielectric anisotropy constant  ✏ LC. Figure 8.8b shows that a 20 V driving voltage
cell has a wider viewing angle. Especially in the dual-domain cell at the azimuthal
angles  = 45 / 135  and  45 /135 , the high contrast ratio region (CR > 50)
almost covered our measured area (✓  70 ).
6we applied a 1 KHz squared wave with a Vd peak to peak voltage.
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Figure 8.8: Polar figures of the measured contrast ratio of the single- and dual-domain
cells for (a) bright state at 0 V / dark state at 15 V and (b) bright state at 0 V / dark
state at 20 V. The dashed circles are the polar angles and the  is the azimuthal angle
(see the viewing angle definition in Fig. 8.5a). The black and gray areas are the viewing
angle with a contrast ratio larger than 50 and 10, respectively.
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8.5 Conclusion
We demonstrated a dual-domain method by combining film deposition and shadow
mask lithography technologies. By using di↵erent Fe2O3/Cr2O3 depositing direc-
tions with selected shadow masks, an LC cell presented a uniform alignment in each
domain and opposite pretilt angles compared with neighboring domains. In the trans-
mittances measurement, the dual-domain cell was uniform in both the bright and the
dark states. Moreover, in the dark state, the dual-domain cell provided a large dark
viewing angle.
In general, the viewing angle was defined as the angle region with a contrast
ratio larger than 10. In the contrast ratio study, we found that the dual-domain
cell provided a wider and more symmetric contrast ratio distribution. Especially in
the dual-domain cell for azimuthal angles  = 45 / 135  and  45 /135 , the high
contrast ratio region (CR > 50) almost covered our measured area (✓ < 70 ) with
a 20 V driving voltage. By setting the polarizer or analyzer horizontally, a larger
viewing angle LCD was achieved by a dual-domain system.
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CHAPTER 9
Summary
Liquid crystal displays (LCDs) are widely used in modern life. Over the past few
decades, many LCD modes, such as the twisted nematic (TN), the in-plane switching
(IPS) and the vertical alignment (VA) modes, have been developed to achieve higher
LCD performances. The increasing range of applications of LCD’s continuously fuels
the search to further improve their performance characteristics, such as faster response
time for video rate applications. The contrast ratio, the response time, and the
viewing angle are the three main LCD performance parameters discussed in this
thesis.
In this thesis, we presented experimental and theoretical studies of how the LCD
performance depends on and can be controlled by the pretilt angle, where the pretilt
angle is defined as the angle between the substrate and the average long axis of the
liquid crystal (LC) molecules in the surface layer. A faster response time and a wider
viewing angle were achieved by preparing a dual-domain parallel alignment cell with
a controllable LC pretilt angle.
The related background knowledge is introduced in Ch. 2 and 3. In Ch. 2, the basic
properties of LCs and LCD technologies are introduced. In Ch. 3, all the sample and
substrate preparation procedures, the experimental setups and the analytical methods
we used are described.
In Ch. 4, we demonstrated a new pretilt angle controlling surface treatment
method by introducing an obliquely deposited Fe2O3/Cr2O3 thin film on polyimide-
coated indium tin oxide (ITO) substrates. Pretilt angles between 0  and 45  were
obtained by finely tuning the Fe2O3/Cr2O3 deposition time. The two main param-
138 Summary
eters of the pretilt angle control were determined: (1) the Fe2O3/Cr2O3 deposition
time and (2) oblique deposition. Furthermore, the concept of the electric potential en-
ergy was used to investigate the relation between the pretilt angle and the sputtering
conditions.
Ch. 5 focused on the investigation of the surface LC alignment e↵ects of Fe2O3/Cr2O3
and polyimide layers. First, atomic force microscopy (AFM) images showed the
roughed surface of Fe2O3/Cr2O3, but no grooves or specific surface shapes were found
on the surface. A significant correlation was found between the pretilt angle and the
surface roughness. X-ray photoemission spectroscopy (XPS) was used for surface
chemical analysis. By comparing the experimental Fe 2p3/2 and Cr 2p3/2 XPS peaks
and the data from literature, the deposited thin film from the stainless steel sputter-
ing was identified as 75% Fe2O3 / 25% Cr2O3. Here, only the AFM results showed
explicitly a linear correlation between the pretilt angle and the roughness squared.
In Ch. 6, the experimental results led to several interesting findings, which can be
used to improve LCD performances. The threshold voltage, which influences the LC
static and dynamic properties, decreased with increasing pretilt angle. A cell with an
optimum pretilt angle of 27  had a two times higher contrast ratio of 116:1 and three
times faster turn on time of 0.2 ms compared to a cell with a low pretilt angle of 1 .
In Ch. 7, we presented a new calculation method for the LC static and dynamic
studies for a full range of LC director orientation and pretilt angle. The new im-
proved calculation method resulted in a much better agreement with the simulation
results in comparison to an existing calculation method that uses a small tilt angle
approximation. The calculation results are in good agreements with the experimental
data and provide the explanations of specific LCD properties, such as an optical time
delay found in a turn on time study.
In Ch. 8 we demonstrated a dual-domain system by combining film deposition and
shadow mask lithography technologies and found that the dual-domain cell provided
a wider and more symmetric contrast ratio distribution than the single-domain cell.
In summary, in this thesis, we presented a new surface treatment technology which
can control the LC pretilt angle precisely and which led to a fast turn o↵ time of 9
ms and turn on time of 0.2 ms. By combining it with the shadow mask technology, a
dual-domain LC control was achieved that provided a very wide viewing angle with
a high contrast ratio. Since sputtering deposition and shadow mask are well known
and mature techniques, our results present the ingredients for a new technology that
requires fewer fabrication steps in comparison with the more complicated lithography
processes.
CHAPTER 10
Samenvatting
Liquid Crystal Displays (LCD’s) zijn wijdverbreid in gebruik in de moderne wereld.
In vergelijking met de ouderwetse beeldbuizen werkend op cathode ray tubes (CRT’s)
zijn er enorme voordelen voor LCD’s: LCD’s zijn dunner in afmetingen, lichter in
gewicht en verbruiken minder energie. Daardoor maken LCD’s meer toepassingen
mogelijk, zoals het gebruik in draagbare apparaten. In de afgelopen decennia zijn vele
LCD concepten ontwikkeld, zoals Twisted-Nematic (TN), In-Plane-Switching (IPS)
en Vertical-Alignment (VA), met het doel om betere LCD eigenschappen te bereiken.
Omdat het aantal toepassingen blijft toenemen is er ook een blijvende interesse en
noodzaak om de eigenschappen van LCD’s te verbeteren, zoals snellere schakeltijden
voor video toepassingen. Drie belangrijke eigenschappen van LCD’s werden behandeld
in dit proefschrift: de contrast verhouding, de reactie tijd en de zichbaarheids-hoek.
In het bijzonder werden theoretische en experimentele studies beschreven hoe de LCD
eigenschappen afhangen van de orientatie hoek die de vloeibare kristal (liquid crystal)
moleculen maken ten opzichte van het oppervlak van het substraat.
In hoofdstuk 2 en 3 werd de relevante achtergrond kennis gentroduceerd. Hoofd-
stuk 2 behandelde de basis-eigenschappen van vloeibare kristallen en de LCD tech-
nologie. In hoofdstuk 3 werden de procedures voor het geschikt maken van preparaten
en vloeibare kristal materialen beschreven, alsmede de experimentele opstellingen en
de gebruikte analyse methodes.
In hoofdstuk 4 werd een nieuwe manier geintroduceerd om de orientatie hoek van
de moleculen te controleren via de depositie van een dunne Fe2O3/Cr2O3 laag op
een indium tin oxide (ITO) oppervlak met polyimide coating. Verschillende orien-
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taties tussen 0 en 45 graden werden verkregen door de precieze afstemming van de
Fe2O3/Cr2O3 depositie tijdsduur.
Hoofstuk 5 geeft de karakterisatie van het oppervlak van de Fe2O3/Cr2O3 en
polyimide lagen met behulp van X-ray photoemissie (XPS) en atomaire kracht mi-
croscopie. Er werd een duidelijke relatie gevonden tussen de orientatie hoek van de
vloeibare kristal moleculen en de ruwheid van het oppervlak.
In hoofdstuk 6 werden de statische en dynamische eigenschappen van de LC ma-
terialen besproken als functie van de vloeibare kristal orientatie hoek. We vonden een
hoger contrast en snellere reactietijd tot 0.2 msec bij een hogere orientatie-hoek.
In hoofdstuk 7 werd een nieuwe berekeningsmethode beschreven voor de statische
en dynamische LCD studies voor willekeurige waarden van de orientatie-hoek. De
nieuwe berekeningsmethode komt beter overeen met de simulaties dan de bestaande
berekeningsmethode die gebruik maakt van een kleine-hoek benadering, zowel voor
de statische als ook voor de dynamische eigenschappen.
Een “twee-domein” materiaal fabricage methode werd voorgesteld in hoofdstuk 8:
deze techniek leidt tot een wijdere en meer symmetrische contrast verhouding dan de
gebruikelijke een-domein structuur.
Samenvattend beschreef dit proefschrift een nieuwe oppervlakte behandeling, die
de vloeibare kristal molecuul orientatie hoek (pretilt-angle) nauwkeurig kan control-
eren. Dit leidt tot snellere aan-uit schakeltijden voor een vloeibare kristal cel (0.2
msec resp. 9.0 msec). Verder werd een wijdere zicht-hoek (viewing-angle) en hoger
contrast bereikt. De resultaten leveren ingredienten voor een nieuwe LCD technologie.
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